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Conducting polymers (CPs) have been explored for applications in solar cells, light 
weight batteries, molecular electronic devices, sensors, corrosion protection and 
biosensors due to their unique chemical, physical and electroactive properties. The 
focus of this work is on providing alternative methods to covalently immobilize 
functional conducting polymer coatings via surface-initiated polymerization on metal 
surfaces for anti-biocorrosion and biosensor applications.  
 
First of all, an electroactive bialyer coating, poly(glycidyl methacrylate)– coupled-
polyaniline (P(GMA)-c-PANI) was developed on mild steel surface via surface-
initiated atom transfer radical polymerization (ATRP), followed by thermal curing 
reaction. The bilayer coating was further quaternized via thermally-induced N-
alkylation to produce the biocidal surface. Tafel polarization curves and 
electrochemical impedance spectroscopy (EIS) results showed that the electroactive 
bilayer coating on mild steel exhibits good stability in the seawater medium and 
renders the mild steel surface the desired high resistance to corrosion and 
microbiologically influenced corrosion (MIC). 
 
Next, the polybithiophene (PBT) graft layer was prepared via surface-initiated 
oxidative graft polymerization of 2,2’-bithiophene from the copper surface pre-
modified by self-assembled monolayer (SAM) of 2,2’-bithiophene. Subsequent 
reduction of silver ions and immobilization of silver nanoparticles (Ag NPs) impart 
the desirable antibacterial function on copper substrates for combating sulfate-
reducing bacteria (SRB)-induced biocorrosion in anaerobic seawater. The corrosion 
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inhibition performance of the functionalized copper substrates was evaluated by Tafel 
polarization curves and EIS. Arising from the chemical affinity of thiols for the noble 
and coinage metals, the copper surface functionalized with both PBT brushes and Ag 
NPs also exhibits long-term stability, and is thus potentially useful for combating the 
combined problems of corrosion and biocorrosion in harsh marine environments. 
 
Finally, surface-initiated oxidative graft polymerization was also used to graft a PANI 
layer on gold electrode surface pre-modified by SAM of 4-aminothiopenol. 
Subsequently, chitosan-carbon nanotubes (CS-CNTs) and glucose oxidase (GOD) 
were covalently coupled to the PANI-modified gold substrate using, respectively, 
glutaradehyde and 1,4-carbonyldiimidazole as bifunctional linkers. The combination 
of PANI and CS-CNTs was shown to provide a spatially biocompatible 
microenvironment on the electrode surface to increase the electrocatalytic activity, 
better mediate the electron transfer, and enhance the activity of the enzyme 
immobilized on the biosensor, thus improving the affinity and sensitivity of the 
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Structure of PANI, PT and PPY. 
 
Octameric structure of PANI in various intrinsic redox states 
 
Interconversions among the various intrinsic oxidation states 
and pronated/depronated states in PANI  
 
Interconversions among the various intrinsic oxidation states 
and pronated states in PPY.  
 
Model for the protection effect of a CP containing the 
corrosion of iron, (a) an early stage, (b) maintaining the 
passivity, (c) the final stage. 
 
Schematic illustration of biofim formation and induced pit 
corrosion.  
 
The proposed function of hydrogenase in anaerobic 
biocorrosion. 
 
Pathway suggested for electron transfer in conducting 
polymer based biosensor. 
 
Methods for preparing of polymer brushes. 
 
Schematic depicting SAMs (a) alkanethiols on gold, silver 
and copper, and (b) alkanesilanes on silicon, silicon oxide or 
hydroxyl riched metals 
 
Schematic diagram illustrating the process of surface-initiated 
ATRP of GMA from the hydroxylated MS (MS-OH) 
substrate, followed by thermal curing of the emeraldine salt of  
PANI with the  MS-g-P(GMA) surface, and subsequent 
quaternization of the MS-g-P(GMA)-c-PANI surface to 
produce the antibacterial MS-g-P(GMA)-c-QPANI surface. 
 
(a, b) Wide scan and O 1s core-level spectra of the MS-OH 
surface, and (c-f) wide scan, Cl 2p, S 2p and Si 2p core-level 
spectra of the MS-Cl surface. 
 
(a, b)  Wide scan and C 1s core-level spectra of the MS- g-
P(GMA) surface, (c, d) N 1s and C 1s core-level spectra of 
the MS-g-P(GMA)-c-PANI surface after thermal curing  at 






















































SEM images of  (a, b, c and d) the pristine MS, (e, f, g and h) 
the MS-g-P(GMA)-c-QPANI and (i, j, k and l) the MS-g-
P(GMA)-c-PANI  surfaces after incubation in the 
Pseudomonas sp. inoculated simulated seawater medium for 
3, 7, 14 and 30 days, respectively. 
 
SEM images of the pristine MS (polished) coupon surface (a) 
prior to and (b) after exposure to the Pseudomonas sp. 
inoculated simulated seawater medium for30 days, followed 
by removal of the biofilms and corrosion products. (c) SEM 
image of the pristine MS coupon in the sterile simulated 
seawater medium after exposure for30 days, followed by 
removal of the corrosion products. 
 
Tafel polarization curves of the pristine, MS-g-P(GMA) MS-
g-P(GMA)-c-QPANI coupons after exposure in the 
Pseudomonas sp. inoculated sweater medium, and of the 
pristine coupon in the sterile sweater medium,  for (a) 7, (b) 
14 and (c) 30 days. 
 
Electrochemical impedance spectroscopy results. Bode 
magnitude and phase angle plots of the pristine, MS-g-
P(GMA) and MS-g-P(GMA)-c-QPANI coupons after 
exposure in the Pseudomonas sp. inoculated sweater medium, 
and of the pristine coupon in the sterile sweater medium,  for 
(a, b) 7, (c, d) 14 and (e, f ) 30 days. 
 
Equivalent circuits used for fitting the impedance spectra of 
(a) the pristine, and (b) the surface-functionalized MS 
coupons after various exposure periods in the sterile and in 
the Pseudomonas sp. inoculate simulated seawater media. 
 
Schematic diagram illustrating the process of oxidative graft 
polymerization of 2,2’-bithophene (BT) from pre-modified 
copper surface by self-assembled monolayers (SAMs) of BT, 
and subsequent immobilization of silver nanopaticles (Ag 
NPs).  
 
(a) FESEM image of the Cu-g-PBT surface, (b) AFM 
vertical section analysis of the PBT film thickness, and (c) 
FESEM image of Cu-g-PBT-Ag NPs surface. The inset of (a) 
is the AFM image of the Cu-g-PBT surface. 
 
(a,b) Wide scan and S 2p core-level spectra of the Cu-S 
surface, (c,d) C 1s and S 2p core-level spectra of the Cu-g-
PBT surface, and (e,f) wide scan and Ag 3d core-level spectra 






















































SEM images of the (a,b) bare Cu, (c,d) Cu-g-PBT, and (e,f) 
Cu-g-PBT-Ag NPs surfaces after incubation in the D. 
desulfuricans inoculated SSMB medium for 5 and 30 days, 
respectively. 
 
Tafel polarization curves of the bare Cu, Cu-S, Cu-g-PBT and 
Cu-g-PBT-Ag NPs coupons after exposure in the D. 
desulfuricans inoculated SSMB medium, and of the bare Cu 
in the sterile sweater medium, for (a) 5, (b) 14 and (c) 30 
days. 
 
Impedance spectra of the (a) bare Cu , (c) Cu-S (d) Cu-g-PBT 
and (e) Cu-g-PBT-Ag NPs coupons in the D. desulfuricans 
inoculated SSMB medium, and of the (b) bare Cu in the 
sterile sweater medium, for 5, 14, and 30 days. 
 
Equivalent circuits used for fitting the impedance spectra of 
(a) the bare Cu after various exposure periods in the sterile 
SSMB medium and in the D. desulfuricans inoculated SSMB 
medium, (b) Cu-S, (c) Cu-g-PBT and (d) Cu-g-PBT-Ag NPs 
coupons after various exposure periods in the D. desulfuricans 
inoculated SSMB medium. 
 
SEM images of  the (a,b) Cu-g-PBT and (c,d) Cu-g-PBT-Ag 
NPs surfaces before and after incubation in the D. 
desulfuricans inoculated SSMB medium for 30 days (The 
corrosion products had been removed from the surface). 
 
Schematic diagram illustrating the process of fabrication of 
the Au-g-PANI-c-(CS-CNTs)-GOD (Schemes 1-3), and Au-c- 
(CS-CNTs)-GOD (Scheme 4) biosensors. 
 
Wide scan and N 1s core-level spectra of the (a,b) Au-NH2 
surface, and (c,d) Au-g-PANI surface. 
 
Wide scan, N 1s and C 1s core-level spectra of the (a,b,c) Au- 
g-PANI-CHO surface, and (d,e,f) Au-g-PANI-c-(CS-CNTs) 
surface. The insets of Figure 3(e,f) are the N 1s and C 1s core-
level spectra of CS-CNTs. 
 
FESEM images of the Au-g-PANI-c-(CS-CNTs) surface of 
different magnifications. 
 
C 1s and N 1s core-level spectra of the (a,b) Au-g-PANI- c-
(CS-CNTs)-CDI  surface, and (c,d) Au-g-PANI-c-(CS- 
CNTs) -GOD surface. 
 
(a) Cyclic voltammograms (CVs) of the Au-g-PANI-c- (CS-
CNTs)-GOD electrode at scan rates of 10, 20, 30, 40, 50, 60, 

















Fe(CN)63-/4- under a nitrogen atmosphere. The inset is the CVs 
of Au-c-(CS-CNTs)-GOD (dash line) and Au-g-PANI -c-(CS-
CNTs)-GOD (solid line) electrodes at the scan rate of 100 
mV/s. (b) Dependence of peak currents on scan rates. 
 
(a) Amperometric responses of the Au-g-PANI-c-(CS- 
CNTs)-GOD and Au-c-(CS-CNTs)-GOD electrodes, and (b) 
the liner regression analysis of the glucose concentration -
current curves 
 
(a) Glucose concentration dependence of the response current 
for the Au-g-PANI-c-(CS-CNTs)-GOD and Au-c-(CS-CNTs) 
-GOD electrodes, and (b) the Lineweaver–Burk plots. 
 
Response current ( egluC cos =1 mM) of the Au-g-PANI-c- (CS-
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Conducting polymers (CPs) were first synthesized in 1970s (Shirakawa et al., 1977) 
as a novel generation of organic materials that have both electrical and optical 
properties similar to those of metals or inorganic semiconductors. The higher values 
of the electrical conductivity obtained in CPs have led to the term ‘synthetic metals’ 
(Gerard et al., 2002). CPs also exhibit the attractive properties associated with 
conventional polymers, such as ease of synthesis and flexibility in processing. In 
addition to these promising properties, the inherent electroactive properties of CPs 
have made them choices for many applications, such as solar cells, light weight 
batteries, electrochromic devices, sensors, molecular electronics, corrosion resistance 
and biosensors (Saraswathi et al., 1999; Friend, 1993; Tseng et al., 2005; Schauer et 
al., 1998; Trojanowicz and vel Krawczyk, 1995). 
 
Conducting polymer coatings based on aniline, pyrrole, thiophene, and other 
heterocyclic polymers have been widely used to reduce the corrosion rate of metals in 
the past decades (Deberry, 1985; Troch-Nagels et al., 1992; Mekhalif et al., 1999; 
Yano et al., 2007; Pekmez et al., 2009;). It has been reported that CPs, as promising 
materials for corrosion control, work not only as a physical barrier against oxygen but 
also as an electrochemical barrier against aggressive ions in aqueous environments 
(Deberry, 1985; Wessling, 1994; Geoffrey et al., 2002). Recently, microbiological 
influence corrosion (MIC) of metals in the natural aquatic environments has been of 
increasing concern (Coetser and Cloete, 2005; Little et al., 2008). MIC or 
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biocorrosion, is the initiation, facilitation or acceleration of corrosion due to the 
interaction between microbial activity and the corrosion process. With increasing 
environmental concerns, more recent efforts has been devoted to develop 
environmentally-benign antimicrobial coatings to prevent biocorrosion (Lee et al., 
2004; Yuan et al., 2009a; Yuan et al., 2009b). However, little work has been reported 
on the applications of CPs in this area. Thus, the combination of CPs and antibacterial 
effects will be of great interest in developing environmentally-friendly antimicrobial 
coatings for combating biocorrosion. 
 
CPs have also attracted a great deal of attention in the development of efficient 
biosensors. Their unique electroactive properties allow them to act as excellent 
materials for rapid transfer of electrons (Gerard et al., 2002). Thus, CPs are 
commonly explored to enhance the speed and sensitivity of biosensors in diagnostics 
and measurement of vital analytes. In addition, CPs have been recognized as suitable 
matrices for immobilization of biomolecules to prevent their leaching while 
maintaining their biological avtivities (Teles and Fonseca, 2008). Conventional 
procedures for immobilization of biomolecules into CPs matrix for biosensor 
applications involve physical absorption, electrostatic interaction, or layer-by-layer 
deposition, which generally suffer from low reproducibility and poor stability. In 
order to increase the lifetime stability of immobilized biomolecules, covalent 
immobilization of biomolecules on CP surfaces has proven to be an efficient way in 
the fabrication of biosensors (Gerard et al., 2002; Rajesh et al., 2004). 
Chapter 1 
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Surface-initiated polymerization provides a convenient means for preparing 
covalently bound and well-defined polymer films and brushes on various substrates. 
In comparison with physically coated polymer films, the covalently grafted chains on 
the surface have improved long-term environmental stability. Because of the absence 
of chemically reactive functional groups on most substrate surfaces, an activation 
process is usually necessary to generate surface reactive sites for the grafting process. 
Introduction of self-assembled monolayers (SAMs) is a common method for tailoring 
the metal surfaces for surface-initiated polymerization (Senaratne et al., 2005). These 
monolayers can be formed on almost any surface in presence of appropriate surface 
coupling or interaction, for example, thiols on gold, silver or copper, and silanes on 
glass, Si/SiO2 or other hydroxyl-riched substrate (Love et al., 2005, McGovern et al., 
1994). Furthermore, post-modification of polymer surface via molecular design is one 
of the most versatile means for incorporating new functionalities into the exsiting 
polymers, such as surface wettability, biocompatibility, antimicrobial activity, 
conductivity, adhesion, and other properties. In general, the molecular design allows 
one to change almost any polymer surface with useful and desirable functional groups 
or molecular species for specific purpose.   
1.2 Research Objectives and Scopes 
Electrochemical deposition of conducting polymer coatings, such as polypyrrole 
(PPY), polyaniline (PANI) and polythiophene (PT) and their derivatives, on metal 
surfaces is a widely adopted approach in previous applications (Troch-Nagels et al., 
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1992; Mekhalif et al., 1999; Yano et al., 2007; Pekmez et al., 2009). Although the 
one-step electrochemical method is simple and easily processable, the adhesion of the 
electrodeposited conducting polymer coatings on substrate surfaces relies mainly on 
non-specific interactions, such as adsorption and polymer-metal complex formation, 
which usually lacks chemical stability. Thus, most conductive polymer coatings on 
metal substrate are far from practical applications due to low performance and poor 
stability of the coatings on metal surface. The overall purpose of this thesis is to 
optimize the applications of conducting polymer coatings on metal surface using 
surface-initiated polymerization techniques. The objective of this research work is to 
provide alternative new means to covalently immobilize functional conducting 
polymer coatings on the metal surfaces for improving their performance and stability 
in anti-biocorrosion and biosensor applications.  
 
The thesis consists of six chapters. Chapter 1 provides a geneal intruduction to the 
subject. Chapter 2 presents an overview of the related literature. In Chapter 3, an 
electroactive bilayer polymer coating, (poly(glycidyl methacrylate)– coupled-
polyaniline [P(GMA)-c-PANI] on mild steel surface is constructed via surface-
initiated atom transfer radical polymerization (ATRP), followed by thermal curing 
and N-alkylation reactions for combating biocorrosion in simulated seawater. In 
Chapter 4, a well-structured hybrid Cu surface functionalized by polybithiophene -
silver nanoparticles (PBT-Ag NPs) was prepared via surface-initiated oxidative graft 
polymerization and chemical affinity of sulfur for silver, for inhibiting sulfate-
Chapter 1 
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reducing bacteria (SRB)-induced biocorrosion in anaerobic seawater. Chapter 5 
presents an amperometric glucose biosensor with high sensitivity using PANI and 
chitosan coupled carbon nanotubes (CS-CNTs) as the signal amplifiers and glucose 
oxidase (GOD) as the glucose detector on a gold electrode via surface-initiated 
oxidative graft polymerization and bifunctional linkers. Finally, conclusions of the 



































2.1 Conducting Polymers (CPs) 
The potential application of CPs in many fields, such as solar cells, light weight 
batteries, electrochromic devices, sensors, molecular electronic devices, corrosion 
resistance and biosensors (Saraswathi et al., 1999; Friend, 1993; Tseng et al., 2005; 
Schauer et al., 1998; Trojanowicz and vel Krawczyk, 1995), is one of the main 
driving forces for the intensive investigation and development of these materials. The 
presence of a conjugated backbone within the CPs endows them with the ability to 
conduct electrons, like metals/semiconductors, and unlike any other polymer (Heeger, 
2002). CPs belonging to polyenes and poly(heterocyclic)s, such as polyacetylene 
(PA), poly (p-phenylene) (PPP), poly (phenylene vinylene) (PPV), polyaniline 
(PANI), polypyrrole (PPY), and polythiophene (PT), are among some of the most 
commonly studied ones (Yamamoto, 1992; Lux, 1994; Kang et al.1998; Spinks et al., 
2002; Gerard et al., 2002; Jaiswal and Menon, 2006).  
 
PA can become very highly conducting upon doping in comparison with other 
conjugated polymers, but its thermal and environmental instability and lack of 
processability are obstacles to its technical applications. In contrast, polymers 
containing heterocyclic units in the backbone were found to have notable electrical 
conductivities and offer increased stability and procesablity in both the doped and 
netural states. Among many of the poly (heterocyclic)s, PANI, PT, PPY and their 
derivatives have aroused great interest. They are structurally distinguished by the 
presence of an extended π-conjugate of alternating single and double bonds. The 
Chapter 2 
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structures of the three most important CPs are shown in Figure 2.1 (Sadik, 1999). The 
organic chains with single-and double-bonded sp2 hybridized atoms generate a wide 
charge delocalization. This electron delocalization allows charge mobility along the 
polymer backbone and between adjacent chains. These CPs exhibit intrinsic electronic 
conductivity ranging from about 10-14 to 103 Scm-1 due to extension of the doped state. 
 
Figure 2.1 Structures of PANI, PT and PPY. (Sadik, 1999) 
 
2.1.1 PANI 
Among the above three CPs, PANI has been of particular interest because of its 
environmental stability, excellent processability and interesting redox properties 
associated with the chain nitrogens (Kang et al., 1998). The presence of a number of 
intrinsic redox states (Figure 2.2), have substantially enhanced the potential 
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applications of aniline polymers for use in practical applications. The neutral intrinsic 
redox states of PANI can vary from that of the fully oxidized pernigraniline (PNA), to 
that of the fully reduced leucoemeraldine (LM). The 50% intrinsically oxidized PANI 
has been termed emeraldine (EM), and the 75% intrinsically oxidized polymer, is 
termed nigraniline (NA) (Kang et al., 1998). 
 
NH NH NH NHNH NH NH NH2
NH NH N NN N N NH
N N N NN N N NH











The presence of the various redox states, their interconversions and their charge 
transfer interactions have been reported in numerous literatures. As shown in Figure 
2.3, oxidative chemical and electrochemical polymerization of aniline in aqueous 
acids or in organic media usually give rise to a 50% protonated PANI. Deprotonation 
of the PANI salt with a base readily gives rise to the 50% intrinsically oxidized EM. 
The LM base of PANI can be obtained from EM base by treating it with 
phenylhydrazine with anhydrous ether. On the other hand, a method for obtaining the 
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fully oxidized PNA base involves the direct oxidation of the EM base by m-
chloroperoxybenzonic acid in a non-aqueous medium (Sun et al., 1990). Another 
method for the preparation of PANI with high intrinsic oxidation states involves the 
direct oxidation of an EM base by ammonium persulfate in the absence of an acid. In 
addition, a simple method for increasing the intrinsic oxidation state of an EM base 
film is to subject it to one cycle of acid-base treatment. The intrinsic oxidation state 
can be further enhanced if the acid used during the protonation-deprotonation cycle 
also contains a small amount of chemical oxidant (Kang et al., 1998).  
 
Electronically conductive PANI is the simple 1,4-coupling product of monomeric 
aniline molecules. The electronically conductive state of PANI is dependent on its pH 
value of the synthesis process. The conductivity of PANI powder is in the range 10 -2 
to 10 S cm-1 by synthesis in the pH range of 0 to 2-3. If the pH value is increased 
above the pH value of 2-3, a typical conductivity of PANI is in the range 10-10 to 10-7 
S cm-1 (Lux, 1994). The conductivity of PANI is also dependent on temperature, 
indicating that most of the currently synthesized PANI grades are somewhat away 
from the metal to insulator transition and the conduction process is dominated by 
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Figure 2.3 Interconversions among the various intrinsic oxidation states and 
protonated/deprotonated states in polyaniline. (Kang et al., 1998) 
 
Generally, PANI is insoluble in most common organic and aqueous solvents, 
irrespective of the method of synthesis. However, the EM base form of PANI was 
reported to have partial solubility in N-methylpyrrolidone (NMP), tetrahydrofuran 
(THF), benzene, dimethyl sulfoxide (DMSO), chloroform, and methanol (Syed et al., 
1991). This soluble form of PANI plays an important role for fundamental studies and 
commercial applications.  
2.1.2 PT 
PT consists of a chain of alternating double- and single-bond and each first and fourth 
carbon atoms are connected by a sulfur atom forming a thionyl ring. PT is prepared 
from the polymerization of thiophenes, a sulfur heterocycle, which can become 
conducting when electrons are added or removed from the conjugated π-orbitals via 
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doping. A number of applications have been reported for associating with conductive 
properties of PT, including field-effect transistors, corrosion resistant, solar cells, 
batteries, diodes, and sensors (Koezuka et al., 1987; Pekmez et al., 2009; Kim et al., 
2006; Schilinsky et al., 2002; Tang et al., 2008; Hiller et al., 1996). 
 
The optical property of PT is another interesting property resulting from electron 
delocalization. PTs show dramatic color shifts in response to changes in solvent, 
temperature, applied potential, and binding to other molecules. Both color changes 
and conductivity changes are induced by the same mechanism, which is the twisting 
of the polymer backbone, disrupting conjugation, making conjugated PT providing a 
range of optical and electronic responses. 
2.1.3 PPY 
PPY is one of the most promising materials for various applications because of its 
good environmental properties, facile synthesis, and higher conductivity than many 
other conducting polymers. PPY can often be used as biosensors, wires, 
microactuators, anticorrosion coatings, polymeric batteries, electronic devices and 
drug delivery (Chen et al., 2006; Ryu et al., 2005; Herrasti and Ocon, 2001; Geetha et 
al., 2006).  
 
PPY can also give rise to a number of intrinsic redox states analogous to those 
observed in PANI, as shown in Figure 2.4 (Kang et al., 1998). The behavior of the 
Chapter 2 
 14 
nitrogen of the corresponding redox states in both polymers toward oxidation, 
reduction, protonation and charge transfer interactions are grossly similar. However, 
the amine nitrogens in the EM oxidation state of PANI are more susceptible to 
protonation in the presence of excess protonic acids than those of the 25% oxidized 
PPY (Kang et al.1998). Furthermore, the nitrogens of the two oxidized polymer 
complexes do differ in their thermal degradation behaviors. The oxidized pyrrolylium 
nitrogens are even more susceptible to deprotonation than their oxidized PANI 


































Figure 2.4 Interconversion among the various redox and protonated states in PPY 
(Kang et al., 1998). 
 
 
2.1.4 Synthesis of PANI, PT and PPY 
PANI, PT and PPY are usually prepared by chemical synthesis, or by electrochemical 
polymerization with various electrodes on different applied potentials. Chemical 
synthesis is expected to produce polymers with high yield and ordered structures. 
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While electrochemical methods have advantages over chemical methods in the sense 
that they offer control on the polymerization and doping level, and could be produced 
over a number of substrates in order to fabricate devices directly. Another significant 
difference between chemical and electrochemical methods of CP synthesis is that very 
thin CP films in the order of 20 nm can be produced using the electrochemical 
technique, whereas powders or very thick films are typically produced with chemical 
polymerization. In addition, chemical synthesis permits the scale-up of CPs, which is 
currently not possible with electrochemical synthesis. 
 
Chemical oxidative polymerization is the widely used chemical synthesis method for 
these three CPs involving the oxidation of monomers to form a cation radical 
followed by coupling to form di-cations and the repetition leads to the polymer. It was 
reported that the oxidative polymerization of aniline can be regarded as a cationic 
polymerization since the conditions of initiation, propagation and termination of the 
chains can be expressed by means of the electrochemical potential of the system 
(Gospodinova and Terlemezyan, 1998). Moreover, this polymerization appears to be a 
living polymerization, since during the chain propagation all the chains are 
thermodynamically equivalent with respect to both the monomer addition (since they 
have the same oxidation potential) and the termination (Gospodinova and 
Terlemezyan, 1998). The rate of oxidation polymerization depends on temperature, 




Electrochemical polymerization is normally carried out in a single compartment cell 
by adopting a standard three-electrode configuration in a typical electrochemical bath. 
Generally, electrochemical polymerization can be carried out either potentiostatically 
or galvanostatically (Deshpande and Amalnerkar, 1993). The first step involves the 
formation of monomer radical cation by electrode surface. It is followed by 
dimerization by deprotonation. The dimer oxidizes gets reoxidized to allow further 
coupling reaction to proceed. The one–step electrochemical polymerization method is 
simple and reproducible, but usually requires large amounts of monomers, and the 
stability of the resulting CP films is poor, thus influences its applications.  
2.2 Applications of CPs  
The development of CPs continues to offer the promise of a wide range of 
applications including molecular electronics, actuators, biosensors, supercapacitors, 
transistors, photovoltaic, and corrosion protection (Saxena and Malhotra, 2003; Han 
and Shi, 2004; Gerard et al., 2002; Mastragostino et al., 2002; Yu and Peng, 2007; 
Geoffrey et al., 2002). The applications of CPs in corrosion protection and biosensors 
are discussed in details below. 
2.2.1 Corrosion Protection 
Corrosion may be defined as a destructive phenomenon, chemical or electrochemical, 
which affects the aesthetic appeal of an object, and even cause structural failure. 
There are many types of corrosion, including galvanic, stress, general, localized, and 
inter-granular, etc. In order to protect metallic substrates against this destructive 
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process, important technological efforts have been developed to protect corrosion of 
metals. Currently, the commonly used corrosion control techniques include 
application of protective coatings, corrosion inhibitors and polymeric films, and 
anodic and cathodic protection. Among of them, organic coatings are an efficient way 
to protect metallic substrates from corrosion. There is considerable experimental 
evidence that suggests that CPs coatings are effective in lowering the corrosion rate of 
metals when exposed to aqueous environments (Schauer et al., 1998; Adhikari et al., 
2008; Ahmad  et al., 1996; Hermas et al., 2005). The mechanism of CPs for corrosion 
protection can be interpreted as barriers, inhibitors, anodic protection and the 
mediation of oxygen reduction (Geoffrey et al., 2002). Nguyen et al. proposed a 
model for the protection of iron by a CPs coating (Nguyen et al., 2004), as shown in 
Figure 2.5. It presents the reactions taking place at the pinhole area (A) just after the 
immersion of the CP coated iron specimen into the corrosive medium. The iron 
substrate dissolves first as ferrous ions for a potential range corresponding to the 
active domain. Ferrous ions thus produced may form Fe-CP complexes in the vicinity 
of the defect area (B). These species may have some catalytic effect on the reduction 
reaction of dissolved oxygen at the CP surface. In the stage (b), the protection by CP 
coating is effective, the dissolution of passive iron can be compensated by charge 
transfer reaction between CPs and oxygen. When the corrosion process progresses, a 







Figure 2.5 Model for the protection effect of a CP coating to the corrosion of iron: (a) 
an early stage, (b) maintaining the passivity, and (c) the final stage.  
 
is the beginning of the final stage as illustrated in Figure 2.5(c). Furthermore, 
electrochemical synthesis of CPs on metal surfaces has often been used to inhibit 
corrosion (Troch-Nagels et al., 1992; Yano et al., 2007; Pekmez et al., 2009; Mekhalif 
et al., 1999). However, the adhesion of electrodeposited conducting polymer coatings 
on metal substrate surface relies mainly on non-specific interactions, which usually 
lacks chemical stability. The breakdown of bonds at a metal/polymer interface will 
result in structural or functional failures, leading ultimately to irreversible corrosion 
damage at the interface. 
 
Recently, microbiologically influenced corrosion (MIC) of metals in natural aquatic 
environments is of increasing concern (Little et al., 1992; Coetser and Cloete, 2005; 
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Little et al., 2008; Videla, 2000). Biological organisms can enhance the corrosion 
process by their physical presence, metabolic activities, and direct involvement in the 
corrosion reaction. Microorganisms tend to attach themselves to solid surfaces, 
colonize, proliferate, and form biofilms, as shown on Figure 2.6. They create 
gradients of pH, dissolved oxygen and chloride, leading to various localized corrosion 
of materials, such as pitting, dealloying, enhanced erosion corrosion, enhanced 
galvanic corrosion, stress corrosion cracking and hydrogen embitterment (Little and 
Lee, 2007). In addition, the activity and growth of microorganisms on metals can 
cause surface modification and thereby induce a more complex corrosion process (Gu 




Figure 2.6 Schematic illustration of biofim formation and induced pit corrosion.  
 
Two distinct classes of microorganisms, the aerobic and anaerobic groups, can cause 
distinctly different types of corrosion. Under aerobic conditions, these conditions are 
met by the continuous supply of oxygen to the cathode and by the removal of 
insoluble iron oxides and hydroxides at the anode (Hamilton, 1985). The role of the 
microorganisms is either to assist in the establishment of the electrolytic cell or 
directly to promote the anodic or cathodic reactions. Oxygen acts as the electron 
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acceptor at the cathodic sites, in aerobic corrosion processes, to form hydroxides 
(Ford and Mitchell, 1990). Pseudomonas sp, as iron-reducing aerobic bacteria in MIC, 
the mode of their action is to attach to mild steel, removing the passive Fe2O3 film and 
forming a dense fibrous mat. Then the mild steel was pitted beneath the mat, 
suggesting the corrosion mechanism is through reduction of the ferric ions to the 
soluble ferrous ions (Ford and Mitchell, 1990). On the other hand, an important 
metabolic feature of many anaerobic microorganisms is the hydrogenase system 
responsible for the oxidation and production of molecular hydrogen. The activity of 
the hydrogenase enzyme, as shown on Figure 2.7, maybe either directly involved in 
depolarizing cathodic hydrogen from the metal surface or indirectly involved in the 
production of the metabolic end products cited and therefore plays an important role 
in anaerobic biocorrosion (Bryant and Laishley, 1989). Sulfate-Reducing Bacteria 
















Figure 2.7 The proposed function of hydrogenase in anaerobic biocorrosion (Bryant 




sence of SRB, steels and their alloys in an anaerobic aqueous enviroment corrode up 
to four times as fast than with normal corrosion without SRB. Accelerating corrosion 
of steels by SRB can be due to either directly to removal of hydrogen or indirectly to 
the production of H2S. The mechanism of corrosion appeared to depend on the 
chemical and physical nature of the corrosion products rather than on the SRB activity. 
 
Adhesion of bacteria on surface can be defined in terms of the energy involved in the 
formation of the adhesive junction (Coetser and Cloete, 2005). Bacteria are usually 
negative charged, and considered as “colloidal particles” (Van Loosdrecht et al. 1990). 
Thus, the adhesion process is regards as an example of “particle” adsorption on a 
substrate. A concept of short-range interaction has proposed (Rutter and Vincent, 
1984; Van Loosdrecht et al., 1989) to describe the bacteria adhesion. Bacteria are 
possibly to be in direct contact with the substrate and the Gibbs free energy can be 
estimated from the interfacial tension. Also, the contact angle can be also used in this 
concept. On the other hand, a long-range interaction concept based on the DLVO 
(Derjaguin Landau Verwey Overbeek) theory for colloidal stability (Rutter and 
Vincent, 1988) has been proposed. In this conception, the interaction Gibbs free 
energy between “particle” and substrate is a function of the distance between the 
“particle”(Van Loosdrecht et al. 1989). As the surface is covered, lateral interactions 
between “particles” must be taken into account. There will be repulsive ones at low 




Once microorganisms attach to a surface, they tend to colonize, proliferate, and form 
biofilms. Parameters affecting the development of biofilms involve temperature of 
system, water flow rate past the surface, nutrient availability, roughness of the 
substrate surface, pH value of the medium, and others. Various gradients develop as 
the biofilm develops, such as nutrient gradient, oxygen gradient, pH, and aggressive 
ions. Under aerobic conditions, biofilms cause corrosion by the formation of 
concentrated cells. Thus aerobic corrosion occurs when the oxide film is damaged, or 
oxygen is kept from the metal surface by the microorganisms and rapid pitting or 
corrosion occurs under the biofilm (Borenstein, 1996). However, a uniform coverage 
by an aerobic biofilm may substantially decrease the corrosion rate due to the oxygen 
consumption and increased mass transfer resistance since the corrosion rate of steel in 
aerobic bulk medium is controlled by the transport of dissolved oxygen.  
 
Biocide treatment, involving the use of corrosion inhibitors, oxidizing agents (such as 
halogen and ozone), and non-oxidizing chemicals (such as formaldehyde, 
glutaraldehyde, isothiazolones, and quaternary ammonia compounds), is the most 
common method adopted for control of biocorrosion (Videla and Herrera, 2005; 
Franklin et al., 1991). However, these biocides are difficult to implement in open 
marine environment. They are also inherently toxic and difficult to degrade, leading 
to negative impacts on the environment. In view of environmental, ecological and 
economical impacts, more recent efforts are focused on developing environmentally-
benign antimicrobial coatings to prevent bacterial adhesion and biofilm formation. 
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Different methods, such as, adsorption, sol-gel processing and covalent binding, have 
been used for developing environmentally-friendly antimicrobial coatings on 
substrate surfaces to inactivate microorganisms during their initial attachment (Fu et 
al., 2005; Hu et al.,2005; Lee et al.,2004; Tiller et al., 2002). Immobilization of 
antimicrobial agents onto polymer modified substrate has reported to be an 
environmental-benign method for combating biocorrosion. Quaternized poly(2-
(dimethyamino)ethyl methacrylate) (P(DMAEMA)) or poly(4-vinylpyridine) (P(4VP)) 
outer layer coating were developed via surface-initiated ATRP to inhibiting sulfate 
reducing bacteria (SRB)-induced MIC in simulated seawater environment (Yuan et al., 
2009a; Yuan et al., 2009b). However, few works has been done on the application of 
CPs in combating biocorrosion in natural aquatic environment.  
2.2.2 Biosensors 
CPs based biosensors are very promising for application in several fields, such as 
environmental monitoring, food analysis, and mainly in healthcare and medical 
diagnosis (Gerard et al., 2002). The advantage of CPs for biomedical applications 
include biocompatibility, ability to entrap and controllably release biological 
molecules, efficient charge-transfer from a biomedical reaction and ability for turning 
electrical and optical properties (Li et al., 2006; Rivers et al.,2002). In particular, the 
most attractive feature of CPs for biosensor applications results from the rapid 
electron transfer that they provide on electrode surface. CPs has been reported to 
enhance the speed, sensitivity and versatility of biosensors in diagnostics to measure 
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vital analytes (Garjonyte et al., 2000; Gopalan et al., 2009; Teles and Fonseca, 2008). 
They provide good detectability and fast response as the redox reaction of the 
substrate, catalyzed by an appropriate enzyme, takes place in the bulk of the polymer 
layer (Gerard et al., 2002). Figure 2.8 shows the pathway suggested for electron 
transfer in the conducting polymer based amperometric biosensors. 
 
CPs have also attracted much interest as a suitable matrix for the entrapment of 
enzymes (Sung and Bae, 2000; Adeloju and Wallace, 1996). The embedment of 
enzymes within a conducting polymer prevents the enzyme from being leached out 
while maintaining the accessibility of catalytic sites. Moreover, the entrapment of 
enzyme in CPs easily ensures proximity between the active sites of the enzyme and 
the conducting surface. This method provides a facile and controllable way for the 
deposition of biologically active molecules of any size and geometry to defined area 
on electrode. This is particularly appropriated for the fabrication of muti-analyte 
micro-amperometric biosensor because the most important factor affecting the 
performance of amperometric biosensors is the electron transfer between the catalytic 
biomolecule and the electrode surface (Gerard et al., 2002). In addition, CPs can 
provide an organized molecular structure on metal substrates, which permits them to 
function as a spatial matrix for the immobilization of catalysts retaining their 















Figure 2.8 Pathway suggested for electron transfer in conducting polymer based 
biosensors (Gerard et al., 2002). 
 
2.3 Surface Functionalization with Polymer Brushes 
Surface modification with polymer films is widely used to tailor the chemical and 
physical properties of substrate surface. Generally, polymer films can be applied by 
physisorption from solution or chemical vapor deposition. Alternatively, polymers 
with reactive end groups can be grafted onto substrate surfaces, resulting in so-called 
polymer brushes. The advantage of polymer brushes over other surface modification 
methods is their mechanical and chemical robustness, coupled with a high degree of 
synthetic flexibility towards the introduction of a variety of functional groups 
(Edmondson et al., 2004). Commonly, brushes are prepared by grafting polymers to 
surfaces via chemical bond formation between reactive groups on the surface and 
reactive end-groups of polymers. 
2.3.1 Polymer Brushes on Surface 
Basically, polymer brushes are formed on the surface substrate with two methods, 
which are “grafting to” and “grafting from” (Figure 2.9) methods (Brinks and Studer, 
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2009). For the “grafting to” method, polymerization is conducted prior to surface 
attachment. It is very difficult to achieve high grafting densities because of steric 
crowding of reactive surface sites by already adsorbed polymers. 
 
For the “grafting from” method, that is surface-initiated polymerizations (SIP) , is a 
powerful alternative to control the functionality, density and thickness of polymer 
brushes on the surface with almost molecular precision. This method also holds 
advantages over the “grafting to” technique where the functional end of a polymer 
chain is covalently attached to the reactive sites of a surface. In fact, the surface-
initiated polymerizations process does not involve entropic factors at the 
grafting to grafting from
‘anchor’ group Polymer SAM with initiator molecule
  
Figure 2.9 Methods for the preparing of polymer brushes (Brinks and Studer, 2009) 
 
surface that are due to crowding of initial grafting chains and that prevent further 
insertion of polymer onto the surface. Thus, SIP allows for production of well-defined 
nanoscopic structures, which have found application in a variety of areas. 
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2.3.2 Surface-Initiated Polymerization (SIP) 
SIP is a chemical modification method, in which the modification is achieved by 
grafting suitable macromolecular chains on the surface of materials through covalent 
bonding. The advantage of the technique is that the surface can be tailored to acquire 
very distinctive properties through the choice of different grafting monomers, while 
maintaining the other substrate properties. It also ensures an easy and controllable 
introduction of graft chains with a high density and exact localization onto the surface. 
Compared with the physically coated polymer chains, the covalent attachment of the 
grafted chains onto a material surface avoids their desorption and maintains a long-
term chemical stability of the introduced chains. 
2.3.2.1 Self-assembled monolayers (SAMs) 
SIP commonly includes two steps: surface activation and graft polymerization. 
Because of the absence of chemically reactive functional groups on most substrate 
surfaces, a surface activation process is needed to create reactive sites on them that 
can generate further grafting processes. First, the substrate is modified with initiator-
bearing SAMs. These monolayers can be formed on almost any surface, as long as the 
anchor functionality is chosen right, for example, thiols on gold, silver or copper, 





Thiols, sulfides, and disulfides are known to coordinate very strongly to metals such 
as gold, silver, copper, and platinum (Figure 2.10(a)) (Ulman, 1996; Love et al., 
2005). Dilute solutions of thiols, disulfides, or sulfides can be directly adsorbed from 
high-purity solvents, commonly ethanol, tetrahydrofuran, and dichloromethane. On 
the other hand, alkylsiloxanes are obtained by reaction of a hydroxylated surface with 
a solution of alkyltrichlorosilane, alkyltriethoxysilane or alkyltrimethoxysilane 
(Figure 2.10(b)) (McGovern et al.,1994; Parikh et al.,1994). The reactive silane 
groups first undergo a fast hydrolysis to form silanols, followed by slow condensation 
to oligomers, which then hydrogen bond to the surface hydroxyl groups and lead to  
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Figure 2.10 Schematic depicting SAMs (a) alkanethiols on gold, silver and copper, 
and (b) alkanesilanes on silicon, silicon oxide or hydroxyl-riched metals (Senaratne et 
al., 2005) 
 
formation of covalent bonds during the final curing or baking process. These SAMs 
are significantly more thermally stable than alkanethiolates on gold and do not require 
evaporation of a layer of metal for preparation of substrates. 
 
2.3.2.2 Polymer brushes by SIP  
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Several synthetic methods have been developed for SIP, including cationic and 
anionic polymerization, ring-opening and ring-opening metathesis polymerization, 
free radical and living radical polymerization, photochemical polymerization, and 
plasma induced polymerization (Zhao and Brittain, 1999; Jordan et al., 1999; Kim et 
al., 2000;. De Boer et al., 2000; Xu et al., 2005; Yuan et al., 2009; Uchida et al., 2000; 
Yamaguchi et al., 1994). 
 
The highly living nature of anionic and cationic polymerization has made them 
attractive for the synthesis of well defined polymer brushes (Jordan et al., 1999; Zhao 
and Brittain, 1999). However, the restricted monomer functionality, long reaction 
times, and low values for final thickness of the polymer films, limits the use of 
anionic polymerization for polymer brush growth. On the other hand, little work has 
been done on the application of cationic polymerization to the synthesis of polymer 
brushes. This polymerization was shown to be living by re-initiation of the polymer 
chains to grow further polymer. As mentioned in part 2.1.4, PANI, PT and PPY can 
be synthesized by oxidative polymerization of corresponding monomer in the 
presence of specified oxidative. Gospodinova et al. reported that the oxidative 
polymerization of aniline can be regarded as a cationic polymerization since the 
conditions of initiation, propagation and termination of the chains can be expressed by 
means of the electrochemical potential of the system (Gospodinova and Terlemezyan, 
1998). Moreover, this polymerization appears to be a living polymerization, since 
during the chain propagation all the chains are thermodynamically equivalent with 
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respect to both the monomer addition and the termination (Gospodinova and 
Terlemezyan, 1998).  
 
Another attractive method for the synthesis of polymer brushes is ring opening 
metathesis polymerization (ROMP). Polymer brushes anchored to the surface in this 
way provide a route to very well-defined insulating layers on substrate with specific 
applications in electrical device construction (Juang et al., 2001). The internal 
structure of such brushes might no longer be reminiscent of typical brushes 
morphologies as it is inconceivable that one polymer chain stretches from the surface 
for several microns.  
 
The living radical polymerization process can be accomplished by either nitroxide-
mediated polymerization (NMP) or atom-transfer radical polymerization (ATRP). The 
former process is based on reversible capping of the active chain-end radical with an 
alkoxyamine living group. The living nature of the polymerization was demonstrated 
by re-initiation of the capped chains to form block copolymer brushes (Edmondson et 
al., 2004). The latter ATRP has become the most popular route for surface 
modification because of their tolerance to a wide range of functional monomers and 
the living/controlled character of the ATRP process yields polymers with a low 
polydispersity (Mw/Mn) that are end functionalized (Coessens et al., 2001). The 
“living” nature of the polymerization was demonstrated by the re-initiation of chain 
growth. And the controlled nature of ATRP is due to the reversible activation–
deactivation reaction between the growing polymer chain and a copper–ligand species. 
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ATRP is based on a copper halide/nitrogen-based ligand catalyst and a copper(I) 
complex is responsible for a homolytic cleavage of an alkyl halide bond to generate a 
corresponding copper(II) complex and an organic radical (Wang and Matayjaszewski, 
1995). The generated radical can then propagate with vinyl monomer, terminate by 
either coupling or disproportionation, or be reversibly deactivated  by the copper(II) 
complex to generate halide-capped dormant polymer chain and copper(I) complex. 
Radical concentration is diminished in ATRP due to persistent radical effect. This 
controlled radical polymerization allows for the polymerization of wide range of 
monomers such as styrenes, acylates, methacrylates, and other functional monomers 
(Braunecker and Matayjaszewski, 2007). As a variety of initiators can be used, 
including initiators containing functional groups, end functionalities can be easily 
incorporated. 
 
The polymerization process by a photochemical technique can proceed with or 
without a sensitizer. The polymerization process is initiated by a chromophore on a 
macromolecule to absorb light and dissociate into reactive free-radicals (Uchida et al., 
2000). If the absorption of light does not lead to the formation of free-radical sites 
through bond rupture, this process can be promoted by the addition of 
photosensitizers, e.g. benzoin ethyl ether, dyes aromatic ketones or metal ions. While 
the polymerization processes in plasmas are electron-induced excitation, ionization 
and dissociation (Yamaguchi et al., 1994). The accelerated electrons from the plasma 
have sufficient energy to induce cleavage of the chemical bonds in the polymeric 
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structure to form macromolecule radicals and subsequently to initiate polymerization. 
2.3.2.3 Factors that Affecting SIP 
Several factors has been reported to control the SIP process involving initiator, 
monomer, solvent, and temperature, etc (Bhattacharya and Misra, 2004). The nature, 
concentration, solubility, and function of the initator have been considered to be 
important in SIP reactions. The rate and efficiency of SIP is dependent upon the 
initiator concentration as well as the monomer and the backbone polymer (Anbarason 
et al., 2000). However, once a certain initiator concentration is reached, higher levels 
of initiator do not increase the conversion of grafted monomer (Patil and Fanta, 1993). 
Ideally, the initiator should be fully soluble so that it can initiate the grafting reaction 
through monomers. 
 
The reactivity of the monomer is also important in SIP. The reactivity of monomers 
depends upon the various factors, for example, polar and steric nature, swellability of 
backbone in the presence of the monomers and concentration of monomers. In general, 
the grafting efficiency will depend on the monomer concentration. It is reported that 
the grafting efficiency increases with monomer concentration up to a certain limit and 
then decreases with further increase in the monomer concentration (Sun et al., 2003). 
For grafting mechanism, the choice of the solvent is also important for SIP process, 
which depends upon several parameters, including the solubility of monomer in 
solvent, the swelling properties of the backbone and the miscibility of the solvents. 
Also, the temperature is one of the important factors that control the kinetics of SIP. 
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In general, grafting yield increases with increasing temperature, until a limit is 
attained.  
2.3.3 Post-Functionalization of Polymer Surface  
Polymer surface modifications have been studied in various fields of applications, 
using different innovative techniques including chemical and physical processes 
(Bhattacharya and Misra, 2004, Xu et al., 2005; Xu et al., 2008; Yuan et la., 2009). 
Physical processes involving non-covalent techniques like physical adsorption, 
Langmuir-Blodgett technique or layer by layer deposition via electrostatic interaction, 
is much more simpler in comparison to the chemical modification of existing polymer 
surface. However, the immobilized chains by these methods would be readily 
unstable upon immersion in solvents or washing with surfactants. On the other hand, 
the process of chemical surface modification begins with surface activation, which 
involves the creation of functionalities on the surface of the polymer. The creation of 
these active functionalities allows the possibility of covalent attachment of other 
moieties on the surface of the polymer. 
 
Post-modification of polymer surface via molecular design is one of the most versatile 
means for incorporating new functionalities into the exsiting polymers, such as 
surface wettability, biocompatibility, conductivity, adhesive, and other properties. 
Molecular modification of polymer surfaces can be achieved via two distinctive 
approaches: 1) introduction of functional groups and 2) surface grafting or graft 
Chapter 2 
 34 
copolymerization. The latter approch is well known to be a fairly efficient chemical 
process for post modification of the polymer surface (Bhattacharya and Misra, 2004). 
It has advantages over other methods including easy and controllable introduction of 
graft chains with a high density and exact localization of graft chains to the surface 
with the bulk properties unchanged. A terminal group which is reactive to the 
functional groups present on the substrate polymer surface is required for the polymer 
chains to be used for the coupling reaction, while the graft polymerization method 
needs active species on the substrate polymer to initiate graft polymerization. 
Recently, Click chemistry, as an efficient tool to carry out polymerizations as well as 
to modify macromolecules, is extended to surface modification owing to the very high 
stability of the 1,2,3-triazole cycle resulting from the click reaction (Nebhani and 
Barner-Kowollik, 2009; Zhang et al., 2008; Guo et al., 2010). The popularity of this 
reaction can be attributed to their mild conditions, quantitative yields, absence of by-
product formation, and regioselectivity. In particular, the combination of the chain-
end functionality control of ATRP and the efficiency of click chemistry offers a 
powerful strategy in the coupling of well defined functional polymers to a surface 
(Zhang et al., 2008; Guo et al., 2010; Ostaci et al., 2010). 
 
Immobilization of biomolecules on functional polymer surface can provide the 
substrate surfaces with an ability to interact specifically with biological systems. The 
immobilization can be carried out using many different procedures, like physical 
adsorption, covalent linking and electro immobilization, while retaining the biological 
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recognition properties of the biomolecules. In physical adsorption process, the 
biomolecules get adsorbed in the polymer/solution interface due to static interactions, 
resulting in weak binding forces and one monolayer on the polymer surface hence the 
amount of enzyme incorporation is very small (Dicks et al., 1993). In order to achieve 
an increased amounts and lifetime stability of immobilized biomolecules, covalent 
linking of biomolecules on polymer surface is an efficient method of immobilization. 
Rajesh et al. have developed an amperometric phenol biosensor by covalent 
immobilization of tyrosinase onto an electrochemically prepared novel copolymer 
poly (N-3-aminopropyl pyrrole-co-pyrrole) film. The covalent linkage of enzyme and 
porous morphology of the polymer film lead to high enzyme loading and an increased 
lifetime stability of the enzyme electrode (Rajesh et al., 2004). Common functional 
groups used for immobilization of biomolecules include carboxylic acids, epoxides, 
thiols, aldehydes, hydroxyls and primary amines. In comparison with self-assembled 
monolayers (SAMs) with functional termination, functional polymer brushes have 
significantly higher biomolecule-binding capacities due to high concentrations of 
functional groups at the brush interface. On the other hand, a straightforward method 
of biomolecule immobilization is based on the entrapment of bimolecules within 
polymer films during their electrogeneration on electrode surface.The advantage of 
this method is that the method enables the modulation of the immobilized amount of 
biomolecules via the electrical control of the amount of the host polymer. However, 





Antimicrobial surfaces are widely used to prevent microbial infection in a wide range 
of industrial, medical, community and private settings. Different strategies have been 
developed to address the growing need for antibacterial surfaces. The covalent 
immobilization of antimicrobial agents, which are those materials capable of killing 
pathogenic microorganisms, on polymer surface offers promise for enhancing the 
efficacy of some existing antimicrobial agents and minimizing the environmental 
problems accompanying conventional antimicrobial agents by reducing the residual 
toxicity of the agents, increasing their efficiency and selectivity, and prolonging the 
lifetime of the antimicrobial agents (Kenawy et al., 2007). In particular, quaternary 
ammonium salts (QAS) as a general antimicrobial agent exhibits good bactericidal 
activity. Although the exact mechanism of their antimicrobial action is still unclear, it 
is mostly attributed to their ability to increase cell permeability and disrupt cell 
membranes (Tashiro, 2001). 
 
Nanoparticles of different nature and size can be combined with the polymer, giving 
rise to a host of nanocomposites with interesting physical properties and important 
application potential. In order to utilize nanoparticles as components of functional 
surfaces, it is crucial to develop methods for placing particles into chemically and 
structurally well-defined environments. This is typically achieved through covalent or 
electrostatic interaction of particles with a substrate-bound polymer film. Typical 
polymers to form surface-bound nanoparticle assemblies include the use of block 
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copolymer matrices (Sohn and Cohen, 1997), or polymers tethered chemically to the 
substrate (Gage et al., 2001). Polymer brushes offer model environments for studying 
the organization of nanoparticles within polymer matrices. The participation of 
polymers plays a crucial role in the fabrication of nanoparticles with controlled shape, 
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Mild steel (MS) is the most common type of steel in use. Its price is relatively low and 
it is able to provide material properties that are acceptable to many industrial and 
marine applications. However, corrosion is a major problem as it reduces the life span 
in seawater of various industrial equipment constructed from MS (Melchers, 2003; 
Dexter et al., 1998; Oh et al.,1999; Melchers, 2003;). Recently, microbiologically 
influenced corrosion (MIC) of metals in marine environments is of increasing concern 
(Little et al.,1992; Aldarbiz et al.2002; Coetser et al.,2005; Miyanaga et al., 2007; 
Little et al.,2008). Although sulfate-reducing bacteria, active in anaerobic 
environments, are a common cause of corrosion in MS and have been extensively 
studied (Lee et al., 1995; Videla, 2000), MIC is also caused by other types of aerobic 
micro-organisms, such as Thiobacilli, Pseudomonas, and other acid-producing micro-
organisms (Eashwar,et al., 1993; Ford et al.,1990; Borenstein,1996). The genera 
Pseudomonas, as the most prevalent aerobic bacterial strain in seawater, have been 
involved in the corrosion process of MS, stainless steel, Cu–Ni alloys, and aluminum 
alloys (Borenstein,1996; Morales,et al.,1993; Pedersen et al.,1998; Critchley et 
al.,2003). As an aerobic bacterium, Pseudomonas has been reported to attach to iron 
substrates and remove the protective Fe2O3 layer by reducing Fe(III) to Fe(II), 
rendering steel susceptible to further oxidation because Fe(II) is more soluble in water 
(Ford et al.,1990). In this way, iron-reducing Pseudomonas promotes corrosion 
indirectly. Thus, it is important to find effective approaches to control MIC of MS in 
seawater by Pseudomonas and other bacteria.  
Chapter 3 
 40 
In this Chapter, surface-initiated atom transfer radical polymerization (ATRP) of 
GMA from the silane-coupled mild steel (MS-Cl) is carried out to produce a 
poly(glycidyl methacrylate)-grafted mild steel [MS-g-P(GMA)] surface, followed by 
thermal curing of the EM salt form of PANI with the grafted GMA polymer on the 
MS-g-P(GMA) surface to create a strongly adhered and cross-linked poly(glycidyl 
methacrylate)–polyaniline [P(GMA)-c-PANI] bilayer on the MS surface (Figure 3.1). 
The P(GMA)-c-PANI bilayer coating is further quaternized via N-alkylation of 
hexylbromide to produce the biocidal MS surface. The antibacterial and anticorrosion 
properties of the strongly adhered and quaternized P(GMA)-c-PANI bilayer coating 































Figure 3.1 Schematic diagram illustrating the process of surface-initiated ATRP of 
GMA from the hydroxylated MS (MS-OH) substrate, followed by thermal curing of 
the emeraldine salt of PANI with the MS-g-P(GMA) surface, and subsequent 
quaternization of the MS-g-P(GMA)-c-PANI surface to produce the antibacterial MS-
g-P(GMA)-c-QPANI surface. 
 





























































































































3.2 Experimental Section 
Materials  
Type C1020 mild steel (MS) sheets of 3 mm in thickness were purchased from Metal 
Samples Co. (Alabama, USA). Glycidyl methacrylate (GMA, 97%), 2-(4-
(chlorosulfonylphenyl)-ethyl trichlorosilane (CTCS) in toluene (50%), 2,2’-byridine 
(Bpy), copper(I) chloride (99%), and copper(II) chloride (97%) were obtained from 
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Solvents, such as ethanol, 
acetone, toluene N,N'-dimethylformamide(DMF), triethanolamine (TEA), and 4-
methylpyrrolidinone (NMP) were of reagent grade and were used as received. A 
marine aerobic gram-negative bacterial strain of Pseudomonas sp. (NCIMB 2021) 
was obtained from the National Collection of Marine Bacteria (Sussex, U.K.). Yeast 
extract and agar were purchased from Oxoid Ltd. (Hampshire, UK). Phosphate buffer 
solutions (PBS) (containing NaH2PO4 of 4.68 g/L and Na2HPO4 of 8.662 g/L) was 
freshly prepared and sterilized in an autoclave before use. 
 
Preparation of the Hydroxylated MS Coupon (MS-OH) Surface  
MS coupons of 10 mm × 10 mm in size were used as the metal substrates for surface 
modification and corrosion studies. MS coupons with a diameter of 15 mm were used 
for the work requiring electrochemical analysis. The newly polished coupons (pristine 
coupons) were cleaned with copious amounts of deionized water, acetone, ethanol and 
deionized water, in that order. The clean MS coupons were immersed in a base 
piranha solution (NH4OH : 30% H2O2, 3 : 1((v/v)) for 30 min to generate a hydroxyl-
enriched  MS (MS-OH) surface. The substrates were rinsed thoroughly with copious 
amounts of deionized water, and then washed in acetone and ethanol, sequentially, 
before being dried in purified N2. 
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Immobilization of Silane on the MS-OH Surface  
The silane coupling agent, 2-(4-(chlorosulfonylphenyl)-ethyl trichlorosilane (CTCS), 
was immobilized on the MS-OH substrates. The MS-OH coupons were immersed in 
20 mL of anhydrous toluene solution, containing 0.5 mL of triethanolamine (TEA) 
and 0.1 mL of CTCS, for 6 h at room temperature. After the reaction, the coupons 
were washed with copious amounts of chloroform, acetone, methanol, and finally, 
deionized water, in that order. The silane-coupled MS (MS-Cl) substrates, containing 
the chlorosulfonyl atom transfer radical polymerization (ATRP) initiator, were then 
stored in a vacuum desiccator after being dried under reduced pressure. 
 
Surface-Initiated ATRP of Glycidyl methacrylate (GMA)  
Sulfonyl chloride, as an ATRP initiator, gives a much higher rate of initiation than the 
rate of monomer propagation43. For the surface-initiated ATRP of GMA from the 
MS-Cl surface, GMA (2 mL, 4.8 mmol), CuCl (4.75 mg, 0.048 mmol), CuCl2 (1.29 
mg, 0.0096 mmol) and Bpy ligand (15 mg, 0.096 mmol) were added to 2 ml of dried 
DMF in a Pyrex tube. The reaction mixture was stirred and degassed with argon for 
30 min. The MS-Cl substrate was introduced into the reaction mixture. The reaction 
tube was sealed under a nitrogen atmosphere and kept in a 40 oC water bath for 24 h. 
After the reaction, the GMA polymer grafted MS (MS-g-P(GMA)) surface was 
washed thoroughly by acetone. The MS-g-P(GMA) substrate was subsequently 
immersed in a large volume of acetone for about 48 h to ensure the complete removal 






Thermal Curing of Emeraldine (EM) Salt of Polyaniline (PANI) with the MS-g-
P(GMA) Surface  
About 0.1 ml of a 10 mg/mL NMP solution of EM base was introduced onto the MS-
g-P(GMA) substrate surface. A thin liquid layer of EM base formed evenly on the 
MS-g-P(GMA) surface by the effect of surface tension of the fluid. The EM base 
solution-coated MS-g-P(GMA) substrate was dried in a vacuum oven at 40  under ℃
atmospheric pressure for 6 h. Then the EM base-coated surface was subject to 
exposure to 1M sulfuric acid to protonate the EM base. Subsequently, the substrate 
was subjected to thermal treatment in an oven at 100 oC for 6 h. The thermal 
treatment allowed the curing of the physically absorbed EM salt with the epoxide 
groups on the P(GMA)-grafted MS surface. Finally, the thermally cured EM salt was 
converted to the EM base form by immersing in 0.5 M NaOH solution for 2 h. The 
modified substrate was then immersed in an excess volume of NMP to remove the 
adhered and physically absorbed EM base. The resulting surface with crosslinked 
P(GMA)-PANI bilayer is referred to as the MS-g-P(GMA)-c-PANI surface. 
 
N-alkylation of the MS-g-P(GMA)-c-PANI Surface  
The MS-g-P(GMA)-c-PANI substrate was treated with 20 vol% 2-propanol solution 
of hexylbromide at 80  for 24 h. The substrate wa℃ s then removed and washed with 
excess 2-propanol and acetone to remove the unreacted hexylbromide and solvent 
completely. After N-alkylation, the color of EM base film changed from dark blue to 
dark green. The quaternized MS-g-P(GMA)-c-PANI surface, or MS-g-P(GMA)-c-
QPANI surface from N-alkylation, was dried under reduced pressure before being 




Surface Characterization  
The surface composition of the functionalized substrates was determined by X-ray 
photoelectron spectroscopy (XPS). The XPS measurement was performed on a Kratos 
AXIS HSi XPS spectrometer with an Al Kα X-ray source (1486.6 eV photons), using 
procedures described previously.26 Surface elemental stoichiometries were 
determined from peak area ratios after correcting with the experimentally determined 
sensitivity factors. Static water contact angles of the pristine (polished), hydroxylated 
and surface-functionalized coupons were measured at 25oC and 60% relative 
humidity, using the sessile drop method with a 3 µL water droplet, in a telescopic 
goniometer (Rame-Hart model 100-00-(230), Rame-Hart, Inc., Mountain Lake, NJ, 
USA). The telescope with a magnification power of 23X was equipped with a 
protractor of 1° graduation. For each angle reported, at least three measurements from 
different surface locations were averaged. 
 
Preparation of medium for inoculation  
All bacterial and biocorrosion tests were carried out in a nutrient-rich seawater-based 
medium.25 Each liter of the medium consisted of 23.476 g of NaCl, 3.917 g of Na2SO4, 
0.192 g of NaHCO3, 0.664 g of KCl, 0.096 g of KBr, 10.61 g of MgCl2·6H2O, 1.469 g 
of CaCl2·6H2O, 0.026 g of H3BO3, 0.04 g of SrCl2·6H2O, 3.0 g of bacteriological 
peptone and 1.5 g of yeast extract. The pH of the medium was adjusted to 7.2 ± 0.1 
using a 5 M NaOH solution, and sterilized by autoclaving for 20 min at 15 psi.  
 
Microorganism Cultivation and Inoculation  
A marine aerobic bacterium Pseudomonas sp. (NCIMB 2021) was resuscitated from a 
freeze-dried ampoule, and subcultured twice in 5 mL of NCIMB 2021 medium before 
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use. After resuscitation, the bacterium was cultured for three days in a 125 mL 
Erlenmeyer flask containing 20 mL of the fresh culture medium on a rotary shaker 
(30°C, 150 rpm). The culture was stored at −20 °C and was used as the inoculum in 
all experiments to ensure the purity of Pseudomonas sp. To inoculate the medium, a 1 
mL aliquot of the Pseudomonas sp. inoculum was cultivated in 500 mL of the 
nutrient-rich medium in a 1 L round-bottom flask. The conical flask incubator was 
subsequently placed on a rotary incubator-shaker maintained at 150 rpm and 30 °C. 
The bacterial cell concentration was estimated from the optical density at 600 nm,25  
based on standard calibration that an optical density of 1 at 600 nm is equivalent to 
approximately 109 cells/mL. 
 
Surface Analysis by Scanning Electron Microscopy (SEM)  
A SEM (JEOL, model JSM-5600) with a beam voltage of 15 kV was used to reveal 
the surface morphology and corrosion features of the test coupons. The coupons were 
first washed with PBS to remove the adsorbed nutrients of yeast extract, as well as the 
dead bacterial cells on the outermost surface, at the end of exposure period. The 
coupons were then immersed in 3 vol% glutaradehyde (GA) of PBS for 5 h at -4 oC. 
After that, the substrates were washed with PBS, followed by step dehydration with 
25%, 50%, 70%, 95% and 100% ethanol for 5 min each. The coupons were then dried 
and sputter-coated with a thin film of platinum for SEM imaging purpose. To observe 
the corrosion damage of surfaces, the bacterial cells and corrosion products were 
removed from the coupon surface with sterilized cotton swabs. The rusty products 
were then removed with dilute nitric acid (0.5 M), followed by rinsing thrice with 
sterilized deionized water and drying with a stream of pure N2.  
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Electrochemical Analyses  
Electrochemical impedance spectroscopy (EIS) analyses of the pristine and surface-
functionalized coupons were carried out after exposure to the Pseudomonas sp. 
inoculated seawater medium for 7, 14, and 30 days, respectively, using an Autolab 
PGSTAT 30 electrochemical workstation (EcoChemie, Newmarket, The Netherlands). 
To further confirm the effect of the Pseudomonas sp. on the corrosion process, the 
pristine coupon was also exposed to the sterile medium under the same conditions as 
those in the bacterial medium. A conventional glass corrosion cell with a capacity of 
500 ml was used. The pristine and the surface-functionalized coupons were mounted 
on individual PVDF holders, leaving a circular area of 0.785 cm2, to serve as the 
working electrode. An Ag/AgCl electrode was used as the reference electrode, and a 
platinum rod as the counter electrode. The analysis was performed using the Autolab 
Version 4.9 (Metrohm) software. The frequency range was 5 mHz to 100 kHz, and 
the amplitude of the sinusoidal voltage signal was 10 mV. Tafel plots were obtained 














3.3 Results and Discussion 
Immobilization of the Functional Silane on the Hydroxylated Mild Steel Coupon 
(MS-OH) Surface  
The X-ray photoelectron spectroscopy (XPS) wide scan and O1s core-level spectra of 
the MS-OH surface are shown in Figures 3.2(a) and 3.2(b), respectively. In the wide 
scan spectrum, the photoelectron lines at the binding energies (BEs) of about 285, 530, 
711 and 722 eV, are attributable to C 1s, O1s, Fe 2p3/2 and Fe 2p1/2 species (Wagner 
et al., 1992), respectively. For the O 1s core-level spectrum, the hydroxide is the 
predominant peak component on the hydroxylated MS surface, indicative of the 
generation of a high concentration of hydroxyl groups on the MS surface upon 
treatment with the base piranha solution. 
 
The successful immobilization of 2-(4-(chlorosulfonylphenyl)-ethyl trichlorosilane 
(CTCS) on the MS-OH surface was confirmed by XPS analysis. In comparison with 
the photoelectron lines of the MS-OH coupons (Figure 3.2(a)), additional 
photoelectron lines at the BEs of about 99, 151, 168, 200, 230 and 270 eV, 
corresponding to Si 2p, Si 2s, S 2p, Cl 2p, S 2s and Cl 2s species (Wagner et al., 
1992),  respectively, have appeared in the wide scan spectrum of the CTCS-coupled 
MS (MS-Cl) surface, as shown in Figure3.2(c). For the Cl 2p core-level spectrum of 
the MS-Cl surface (Figure 3.2(d)), the Cl 2p3/2 and Cl 2p1/2 spin-orbit split doublet 
with BEs at about 200 and 201.6 eV are attributed to the SO2Cl species (Wagner et al.,  
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Figure 3.2 (a, b) Wide scan and O 1s core-level spectra of the MS-OH surface, and 
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1992). The Si 2p core-level spectrum of the MS-Cl surface (Figure 3.2(f)) has a peak  
component at the BE of about 100 eV associated with the Si-O species (Wagner et al., 
1992). The presence of CTCS layer is further ascertained by an increase in surface 
hydrophobicity, as the static water contact angle of the surface increases from about 
26° for the MS-OH surface to about 59° for MS-Cl surface. Thus, the benzyl sulfonic 
chloride groups have been successfully immobilized on the MS surface for the 
subsequent atom transfer radical polymerization (ATRP) from the MS-Cl surface.  
 
Surface-Initiated ATRP of glycidyl methacrylate (GMA)  
Previous work has shown that surface-initiated ATRP of GMA on silicon substrate is 
strongly dependent on the reaction time, and the thickness and degree of 
polymerization of the grafted GMA polymer (P(GMA)) brushes increases linearly 
with the polymerization time (Xu et al., 2005). With the increase in P(GMA) film 
thickness, the surface composition approaches that of the P(GMA) homopolymer. In 
this work, the molar feed ratio of [GMA (monomer)]/[CuCl (catalyst)]/[CuCl2 
(deactivator)]/[Bpy (ligand)] used for surface-initiated ATRP was controlled at 
100:1:0.2:2 and a reaction time of 24 h was used (Xu et al., 2005). 
 
The wide scan and C1s core-level spectra of the P(GMA) brushes grafted from the 
MS-Cl surface (MS-g-P(GMA) surface)  are shown in Figures 3.3(a) and 3.3(b), 
respectively. The occurrence of surface-initiated ATRP of GMA on the MS-Cl 
surface can be deduced from the three C 1s peak components with BE at 284.6eV for  
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Figure 3.3 (a, b)  Wide scan and C 1s core-level spectra of the MS-g-P(GMA) surface, 
(c, d) N 1s and C 1s core-level spectra of the MS-g-P(GMA)-c-PANI surface after 
thermal curing  at 100℃ for 6 h, and (e, f) N1s and Br 3d core-level spectra the MS-
g-P(GMA)-c-QPANI surface. 
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the C-H species, at 286.2 eV for the C-O species and at 288.7eV for the O-C=O 
species. The C-H:C-O:O-C=O ratio for the MS-g-P(GMA) surface is about 3.2:3.1:1, 
in fairly good agreement with the theoretical ratio of 3:3:1 for the P(GMA) 
homopolymer (Xu et al., 2005).45 The inset of Figure 3.3(b) shows the Cl 2p core-
level spectrum of the MS-g-P(GMA) surface. The persistence of the Cl signal is 
consistent with the fact that the growth of the P(GMA) chains from the surface is a 
surface-initiated polymerization process with a ‘living’ characteristic 
(Matayjaszewski, 2001). The water contact angle of the MS-g-P(GMA) surface is 
about 65°, due to the presence of  the P(GMA) homopolymer film (Xu et al., 2005) on 
the MS surface. The MS-g-P(GMA) surface with functional epoxide groups is used in 
the subsequent thermal curing with polyaniline (PANI) to produce the highly 
crosslinked interface. 
 
Thermal Curing of PANI with the MS-g-P(GMA) Surface  
Thermal curing reaction can be used to achieve strong adhesion of polymer coatings 
on modified substrates (Kang et al., 2000; Zhang et al., 2001). In this work, the PANI-
coated MS-g-P(GMA) substrate was thermal cured at 100℃ for 6 h to induce the 
curing reaction of the amine groups of PANI chains with the epoxide groups on the  
MS-g-P(GMA) surface. The N 1s and C 1s core-level spectra of the resultant MS-g-
P(GMA) surface with crosslinked PANI, or the MS-g-P(GMA)-c-PANI surface, are 
shown in Figures 3.3(c) and 3.3(d), respectively. The N1s core-level spectrum shows 
the N1s peak components with BEs at about 398.2, 399.4, and >400 eV,  correspond 
to the quinonoid imine (=N-), benzenoid amine (-NH-), and positively charged 
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nitrogen (N+) (Kang et al.,1998), respectively, indicating successful thermal curing of 
the physically absorbed PANI with the epoxide groups of the grafted P(GMA) chains. 
The MS surface with the grafted P(GMA)-PANI bilayer is used in the subsequent N-
alkylation reaction to produce the antimicrobial surface. 
 
Table 3.1 Static water contact angles of different MS substrate surfaces 
 
Sample surface Static water contact angles (degree) 
Pristine MS a 55 
MS-OH b 26 
MS-Cl c 59 
MS-g-P(GMA) d 65 
MS-g-P(GMA)-c-PANI e 84 
MS-g-P(GMA)-c-QPANI f 59 
 
a Newly-polished mild steel (MS) coupon 
b Obtained after the newly-polished MS coupon was treated  in the base Piranha solution for 30 min 
c
 MS-OH surface with immobilized CTCS 
d
 Reaction conditions: [GMA]:[CuCl]:[CuCl2]:[bpy] = 100:1:0.2:2 in DMF at 40oC for 24 h 
e
 Thermal curing at 100 oC for 6 h 
f
 MS-g-P(GMA)-c-PANI surface quaternized with C6H13Br at 80 oC for 24 h. 
 
 
N-alkylation of the MS-g-P(GMA)-c-PANI  Surface 
The XPS N 1s core-level spectra of MS-g-P(GMA)-c-PANI  surface before and after 
treatment with hexylbromide are compared in Figures 3.3(c) and 3.3(e), respectively. 
The N 1s core-level spectrum of the MS-g-P(GMA)-c-PANI surface shows a 
significant decrease in the proportion of imine (-N=) unites and a sharp increase in the 
proportion of positive charged nitrogen (N+) after N-alkylation with hexylbromide, 
while the proportion of amine (-NH-) specie only shows a slightly decrease. This 
result implies that alkylation occurs preferentially on the imine nitrogen, instead of 
the amine units, of the EM base. As can be seen in Figure 3.3(f), the Br 3d core-level 
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spectrum of the quaternized surface (MS-g-P(GMA)-c-QPANI  surface) reveals the 
existence of the Br  3d5/2 and Br  3d3/2 doublet with the BEs at about 67.5 and 68.5 eV, 
respectively, attributable to the ionic bromine (Zhao et al., 2004). These Br - anions 
serves as the counter ions for the N+, and the Br -/ N ratio of 0.41 is in fairly 
agreement with the N+/N ratio of 0.43, indicating the successful quaternization of the 
surface. The result of quaternization is also verified by the change in surface 
wettability. The MS-g-P(GMA)-c-PANI surface is relatively hydrophobic, with a 
water contact angle of about 84°. The contact angle is similar to that of the EM base 
form of PANI homopolymer. After the quaternization reaction, the water contact 
angle of the MS-g-P(GMA)-c-QPANI surface has deceased to 59°, indicating that the 
EM base has been alkylated by 1-bromohexane (Natalia et al.,2008). 
 
Adhesion and Viability Assay of Bacteria on the Pristine and Surface Modified 
Coupons  
The pristine (polished) and the P(GMA)-c-PANI bilayer modified MS coupons were 
exposed to the Pseudomonas sp. inoculated seawater medium to simulate the 
attachment and growth of marine aerobic bacteria on the MS substrates. Figures 
3.4(a-d) show the SEM images of the pristine MS surface after exposure in the 
Pseudomonas sp. inoculated medium for 3, 7, 14, and 30 days, respectively. Some 
cells of Pseudomonas sp., either individually or in small clusters, are discernible 
initially on the pristine MS surface after 3 days in the inoculated medium (Figure 













































Figure 3.4 SEM images of  (a, b, c and d) the pristine MS, (e, f, g and h) the MS-g-
P(GMA)-c-QPANI and (i, j, k and l) the MS-g-P(GMA)-c-PANI  surfaces  after 
incubation in the Pseudomonas sp. inoculated simulated seawater medium for 3, 7, 14 
and 30 days, respectively. 
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aggregated to form bacterial microcolonies on the pristine MS substrate (Figure 
3.4(b)). After incubation for 14 days, a uniform film, consisting probably of the 
extracellular matrix of biofilm, water, bacteria, suspended solids, corrosion products 
and yeast nutrients, was found (Figure 3.4(c)). The respiration activity of the aerobic 
bacteria can result in a low oxygen concentration under the thicker colonies. The 
surface film grew much thicker and cracked with the extension of exposure time to 30 
days (Figure 3.4(d)). The cracked surface film provides localized physicochemical 
conditions to facilitate localized attack on the pristine coupon, leading to accelerated 
corrosion (Little et al., 2007). In contrast, the extent of attachment of Pseudomonas sp. 
on the MS-g-P(GMA)-c-QPANI coupon (Figure 3.4(e-h) is markedly reduced from 
that on the pristine coupon. After 30 days of incubation, only a small amount of 
Pseudomonas sp. can be spotted on the MS-g-P(GMA)-c-QPANI substrate (Figure 
3.4(h)). Thus, the ability of MS-g-P(GMA)-c-QPANI surface to reduce bacterial 
adhesion is ascertained. For the un-quaternized (MS-g-P(GMA)-c-PANI) coupons 
(Figures 3.4(i-l)), the formation of dense microcolonies of Pseudomonas sp. (Figure 
3.4(l)) indicates that the antibacterial effect is imparted only by the quaternized PANI. 
 
Figure 3.5(a) show the SEM image of the pristine (polished) MS surface prior to 
exposure to the inoculated seawater medium. Upon 30 days of exposure, the biofilm 
and corrosion products of the inoculated pristine MS coupon were removed to reveal 
the crevices and shallow micro-pits on the metal surface, as shown in Figure 3.5(b). 






















Figure 3.5 SEM images of the pristine MS (polished) coupon surface (a) prior to and 
(b) after exposure to the Pseudomonas sp. inoculated simulated seawater medium for 
30 days, followed by removal of the biofilms and corrosion products. (c) SEM image 
of the pristine MS coupon in the sterile simulated seawater medium after exposure for 




Pristine (Sterile Medium) 




nutrient-rich seawater medium for 30 days, followed by removal of the corrosion 
products, is shown in Figure 3.5(c). No micro-pits and crevices are observed on the 
metal surface. Instead, fairly uniform metal loss from the pristine coupon surface 
(uniform corrosion) is observed, because of the presence of oxygen in the sterile 
medium, which promotes the formation of soluble ferric hydroxide. Thus, accelerated  
and localized corrosions of the pristine MS coupon under the attack of Pseudomonas 
sp. was verified by SEM analysis. 
 
Characterizing the Anti-corrosion Properties of the Functionalized Surfaces  
Polarization curve measurements, widely used to monitor instantaneous corrosion rate 
of a metal or an alloy exposed to a corrosive environment, are very suitable for the 
detection of changes in the corrosion rate due to the presence of bacteria, inhibitors, 
biocides and coatings (Mansfeld et al., 1991). Tafel polarization curves of the pristine 
and the surface-functionalized MS coupons were obtained after exposure to the sterile 
and the Pseudomonas sp. inoculated media for 7, 14 and 30 days (Figure 3.6). The 
Tafel polarization curves were further analyzed quantitatively by extrapolating the 
linear portions of anodic and cathodic branches to obtain the corrosion potential (Ecorr), 
corrosion current density (icorr.), and corrosion rate. The results are summarized in 
Table 3.2. The inhibition efficiency (IE) of the surface-functionalized coupons is 
calculated from the following equation (Yuan et al.,2008): 































Figure 3.6 Tafel polarization curves of the pristine, MS-g-P(GMA) and MS-g-
P(GMA)-c-QPANI coupons after exposure in the Pseudomonas sp. inoculated 
sweater medium, and of the pristine coupon in the sterile sweater medium,  for (a) 7, 
(b) 14 and (c) 30 days.  
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Table 3.2 Analysis of Tafel plots of the pristine and the surface-functionalized 
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-0.660   0.011 
-0.664   0.014 
-0.628   0.009 
-0.542   0.010 
 
-0.656   0.015 
-0.658   0.013 
-0.630   0.005 
-0.559   0.006 
 
-0.655   0.010 
-0.695   0.011 
-0.642   0.006 
-0.563   0.005 
       SDf 
  74.8   0.51 
  117   .1.12 
  19.5   0.65 
  3.51   0.23 
 
  46.3   1.23 
  49.0   0.91 
  32.7   0.89 
  4.34   0.15 
  
  43.2   2.31 
  200   .1.35 
  41.4   1.11 
































a Pristine coupon exposured to the sterile medium 
b
 Refers to the pristine coupon exposured to the Pseudomonas sp. inoculated simulated medium 
c
 The surface-functionalized coupons were exposure to the  Pseudomonas sp. inoculated seawater 
medium 
d
 Ecorr refers to the potential where the current reaches zero under polarization 
e IE denotes inhibition efficiency  
f SD refers to standard deviation 
 
 
wherein, io and icorr are the corrosion current densities of the pristine and the surface-
functionalized coupons, respectively, as determined by the analysis of Tafel plots.  
The corrosion potential, Ecorr, of the pristine MS coupons remains relatively constant 
with exposure time in the sterile nutrient-rich medium, while it undergoes a slight 
active shift with exposure time in the Pseudomonas sp. inoculated medium and 
decreases by about 30 mV after 30 days of exposure (Table 3.2). The phenomenon is 
usually associated with the enhanced anodic dissolution process in terms of the mixed 
potential theory (Huang et al., 2004). The acceleration in corrosion rate under the 
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effect of Pseudomonas sp. bacteria is further confirmed by the increase in corrosion 
current density, icorr. As shown in Table 3.2, the icorr value of the pristine MS coupon 
remains small, even undergoes a decrease, throughout the exposure periods in the 
sterile nutrient-rich medium. The icorr value of the pristine MS coupon in the 
Pseudomonas sp. inoculated medium undergoes a noticeable decrease from 117 to 49 
µA·cm-2 during the initial exposure periods, which is probably caused by the 
formation of compact surface film on the pristine MS substrate. However, upon 
prolonging the exposure time to 30 days, the icorr value increases significantly to about 
200 µA·cm-2, due to the initiation of localized corrosion beneath the cracked 
heterogeneous film. It has been widely recognized that the patchiness and 
heterogeneity of surface films play an important role in the initiation of localized 
corrosion and the acceleration of corrosion rate, since they can give rise to local 
gradients in metabolic products, pH and dissolved oxygen (i.e., differential aeration 
cells), all of which can generate active electrochemical corrosion cells (Yuan et al., 
2007). The present study thus confirms the previous findings that the Pseudomonas sp. 
has a detrimental effect on the passivity of steel substrates (Yuan et al., 2007; Beech 
et al., 2000; Franklin et al., 2000). 
 
The corrosion potentials, Ecorr, of surface-functionalized MS coupons undergo a noble 
shift to positive values, as compared to that of the pristine MS coupon, in the 
Pseudomonas sp. inoculated medium throughout the exposure periods (Table 3.2). 
The ennoblement in corrosion potentials is a phenomenon commonly observed for the 
polymer-coated coupons in comparison with bare metal surfaces. As a consequence, 
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the corrosion current densities of the surface-functionalized coupons are significantly 
reduced. The magnitude of icorr for the MS-g-P(GMA) and the MS-g- P(GMA)-c-
QPANI coupons after 30 days of exposure in the inoculated medium is lower by 
about 5- and 30-folds, respectively, in comparison to that of the pristine MS coupon. 
Thus, the anticorrosion capability of the grafted polymeric coatings on the MS surface 
is substantially enhanced by the thermally cured PANI (Table 3.2). The inhibition 
efficiencies (IE) of the surface-functionalized coupons are calculated from Equation 1 
above. The IE of the MS-g-P(GMA) coupon remains at around 90% throughout the 
exposure time, indicative of the good protection property of the grafted epoxy 
polymer coating, while that of the MS-g-P(GMA)-c-QPANI coupon reaches as high 
as 95% throughout the exposure periods, indicative of the enhanced protective 
property of the bilayer polymer coating. 
 
Electrochemical impedance spectroscopy (EIS) is considered to be one of the least 
destructive and most informative electrochemical techniques available for 
characterizing reactions at the interface, and for monitoring the evolution and 
degradation of organic coatings on metal surfaces (Mansfeld et al., 1991). The EIS 
data of the pristine and the surface-functionalized MS coupons were recorded after 
different exposure periods in the sterile and the Pseudomonas sp. inoculated media 
(Figure 3.7). Usually, the EIS data are analyzed by fitting with appropriate equivalent 
electrical circuits (EECs), and taking into account the contribution of all phenomena, 




Figure 3.7 Electrochemical impedance spectroscopy results. Bode magnitude and 
phase angle plots of the pristine, MS-g-P(GMA) and MS-g-P(GMA)-c-QPANI 
coupons after exposure in the Pseudomonas sp. inoculated sweater medium, and of 




nonlinear least-square method in the program EQUIVCRT by Boukamp was used to 
model and fit the circuit elements (Boukamp et al., 1986). Figure 3.8 illustrates two 
EECs proposed to model the respective impedance spectra of the pristine and the 
surface-functionalized MS coupons. EEC (a) includes two time constants and is 
usually used to fit the EIS data of coupons with porous and non-protective surface 
films, while EEC (b) has been extensively used to estimate the barrier, protection and  
resistance, Rpo, is used as a criterion for assessing the extent of corrosion protection 
degradation of polymer coatings (Mansfeld et al.,1986). In ECC (b), the pore derived 
from the organic coatings, and the constant phase element (CPE) of coating, Qc, 
represents the coating capacitance associated with surface heterogeneity and diffusion 
(Yuan et al., 2007; Yuan et al., 2008; Murray et al., 1988). The goodness of fit is 
judged by the Chi-square (χ2) value. 
 
The fitted parameters of the EIS data are summarized in Table 3.3. The values of Chi-
square are all in the order of 10-3, indicative of the goodness of the fits. For the Chi-
square are all in the order of 10-3, indicative of the goodness of the fits. For the 
pristine coupons in the sterile medium, the charge transfer resistance, Rct, and the 
resistance of surface film, Rf, both undergo a slight increase with exposure time, 
attributable to the passivation of the oxide layers and the conditioning layer of yeast 
extract. On the contrary, the Rct and Rf values of the pristine MS coupon in the 
Pseudomonas sp. inoculated medium both decrease noticeably with the increase in 
exposure time, indicative of the increase in corrosion rate by the effect of 
Chapter 3 
 65 
Pseudomonas sp. The enhanced corrosion rate of MS in presence of the Pseudomonas 
sp. is attributable to the loss of surface passive film due to initiation of localized 
corrosion. Another noticeble feature is the appearance of positive phase angles at the 
low frequency range of the phase angles Bode plot during the initial exposure periods 
(Figure 3.7 (b) and (d)). This phenomenon is attributable to the induction of rapidly 
corroding uncoated mild steel coupons in the sterile and the Pseudomonas inoculated 
medium. It has been reported previously that adsorption or desorption equilibrium of 
surface active species on the mild steel is a possible source of induction in EIS spectra 
(Murray et al., 1988; Amin et al., 2007). However, this phenomenon is discernible in 
the phase angle Bode plot of the pristine coupons after 30 days of exposure, which is 
probably associated with the formation of thick oxide film or biofilms on the substrate 
surface. 
 
As for the surface-functionalized coupons, the Rct values are much larger than that of 
the corresponding pristine MS coupon in the Pseudomonas sp. inoculated medium. 
They remain almost unchanged throughout the exposure period, indicative of the 
good anticorrosion capability of the grafted polymer coatings (Yuan et al., 2007). 
Furthermore, the Rct values of the MS-g-P(GMA)-c-QPANI coupon, are significantly 
larger than those of the corresponding MS-g-P(GMA) coupons throughout the 
exposure period, indicative of the substantial enhancement in anticorrosion capability 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Rs, resistance of the electrolyte solution; Cdl, capacitance of the electrical double layer (EDL); Qdl, 
constant phase element (CPE) of EDL; Rct, charge transfer resistance of EDL; Qf, CPE of the porous 
surface film; Rf, resistance of the porous surface film; Qc, CPE of the coatings; Rpo,  pore resistance of 
the coatings. 
 
Figure 3.8 Equivalent circuits used for fitting the impedance spectra of (a) the pristine, 
and (b) the surface-functionalized MS coupons after various exposure periods in the 
sterile and in the Pseudomonas sp. inoculate simulated seawater media. 
 
 
conductive PANI coating has been widely used in corrosion inhibition of various 
metallic substrates (Kraljić et al., 2003; Ozyilmaz et al.2005; Adhikari et al., 2005), 
and has been proposed as an alternative to chromate inhibitors due to its unique  
reversible redox properties, mechanical strength, and electrical conductivity (Adhikari 

















coupon are also significantly larger than those of the corresponding MS-g-P(GMA) 
coupon, indicative of the substantial increase in barrier property of the bilayer 
coatings against the penetration of aggressive ions and water. The Qc value of the 
MS-g-P(GMA) coupon increases slightly with exposure time, indicative of the uptake 
of the electrolyte and water by the epoxide-containing coatings (Murray et al., 1988) 
On the contrary, the Qc value of the MS-g-P(GMA)-c-QPANI coupon remains 
relatively constant with exposure time, indicative of improved stability by the 
crosslinked P(GMA)-c-PANI bilayer. Therefore, funtionalization of MS substrates 
with surface-grafted and crosslinked electroactive bilayer of P(GMA) and PANI 
renders them bactericidal, anticorrosion and resistance to microbiologically 














A novel and environmentally-friendly approach to combating corrosion and 
microbiologically influenced corrosion (MIC) of mild steel (MS) in seawater involved 
thermal curing of emeraldine salt of polyaniline (PANI) with the grafted glycidyl 
methacrylate polymer (P(GMA)) brushes on MS surface from surface-initiated atom 
transfer radical polymerization (ATRP). Effective inhibition of bacterial adhesion and 
growth in Pseudomonas sp. inoculated simulated seawater medium was achieved by 
the crosslinked P(GMA)-c-PANI bilayer on MS (MS-g-P(GMA)-c-QPANI surface) 
upon quaternization. Tafel polarization curves and electrochemical impedance 
spectroscopy (EIS) results show that the P(GMA)-c-QPANI electroactive bilayer 
coating on MS exhibits good stability in the seawater medium and render the MS 
surface resistant to corrosion and MIC. In comparison, the pristine MS coupon was 
found to be readily susceptible to corrosion and biocorrosion by Pseudomonas sp. in 












SURFACE FUNCTINALIZATION OF COPPER VIA 
SURFACE-INITIATED OXIDATIVE GRAFT 
POLYMERIZATION AND IMMOBILIZATION OF 


















Copper and its alloys are widely used in marine environment because of their low 
corrosion rates, good anti-fouling properties, mechanical workability, and good 
electrical and thermal conductivities (Mansfeld et al., 1994; Alhajji et al., 1992; 
Shalaby et al.,1999; Nunez et al., 2005; Murarka et al., 1997; Lanford et al., 1995). 
However, the presence of sulfate-reducing bacteria (SRB) in an anaerobic marine 
environment can significantly accelerate the biocorrosion of copper and its alloys 
(Kear et al., 2004; Bastos et al., 2008; Huang et al., 2004). Although copper and its 
alloys exhibit good resistance to biofouling due to the toxicity of cupric ions, the 
toxicity of copper is greatly reduced by the precipitation of copper sulfide. The latter 
is formed when copper comes into contact with H2S produced by SRB in anaerobic 
seawater (Huang et al., 2004; Gramp et al., 2004; White et al., 2000; Little et al., 
1992). Copper can deteriorate further due to the formation of SRB biofilms, which 
promote copper sulfide precipitation and lead to an intergranular corrosion (Huang et 
al., 2004). There are fewer studies on the microbiologically influenced corrosion 
(MIC) of copper involving SRB, in comparison to the number of studies on the MIC 
of carbon steel and stainless steel (Mansfeld et al., 1992; Wan et al., 2009; Yuan et al., 
2009; Beech et al., 2008). 
 
Conducting polymers have been widely explored for corrosion protection (Redondo et 
al., 2007; Mirmohseni et al., 2000; Zarras et al., 2003). Among the conducting 
polymers, polythiophene and its derivatives have been of great interest because of 
Chapter 4 
 72 
their high electrical conductivity, environmental stability, and interesting redox 
properties associated with the heteroatom (Chan et al., 1998; Samir et al., 1997; Patel 
et al., 1988). Bithiophene is an excellent precursor for the preparation of a good 
quality, adherent, non-porous and homogeneous polythiophene film on metal surface 
for corrosion protection (Refaey et al., 2004; Pekmez et al., 2009). Electrochemical 
polymerization is a common method for the synthesis of high quality polybithiophene 
film on metal surfaces (Refaey et al., 2004; Pekmez et al., 2009; Mekhalif et al., 
1999). Bithiophene has a low oxidation potential for electropolymerization. The 
quality of electrochemically prepared polybithiophene (PBT) film is also dependent 
on electrode material, current density, reaction temperature, nature of solvent and 
electrolyte, presence of water, monomer concentration, among others (Schopf et al., 
1999; Hu et al., 1999). Surface-initiated polymerization provides a convenient means 
for preparing covalently bound and well-defined polymer films and brushes on 
various substrates (Edmondson et al., 2004; Jones et al., 2002; Ruckenstein et al., 
2005). In comparison with physically coated polymer films, the covalently grafted 
chains on a surface have improved long-term environmental stability (Jones et al., 
2002; Ruckenstein et al., 2005). Because of the absence of chemically reactive 
functional groups on most substrate surfaces, an activation process is usually 
necessary to generate surface reactive sites for the grafting process. It has been 
reported that polythiophene can be covalently bonded to the thiophene functional 
substrates via surface-initiated electrochemical polymerization (Fabre et al., 2003; 
Wang et al., 2009). Alternatively, introduction of self-assembled monolayers (SAMs) 
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is a common method for tailoring the metal surfaces for surface-initiated 
polymerization (Edmondson et al., 2004; Jones et al., 2002; Ruckenstein et al., 2005; 
Chechik et al., 2003). In particular, the chemical affinity of thiols for the surfaces of 
noble and coinage metals, such as gold, silver and copper, makes it possible to 
generate well-defined thio-based organic coatings on metal substrates (Ulman, 1996; 
Love et al., 2005).  
 
In this Chapter, homogeneous PBT films are prepared via surface oxidative graft 
polymerization (Ruckenstein et al., 1991) from copper substrates modified by SAMs 
of bithiophene. Subsequent reduction of silver ions and immobilization of silver 
nanoparticles (Ag NPs, which are toxic to a wide range of microorganisms (Morones 
et al., 2005; Sondi et al., 2004) on the PBT brushes, through the chemical affinity of 
sulfur for silver, impart the desirable antibacterial function on copper substrates for 



















4. 2Experimental Section 
Materials 
The CDA 110 copper coupons (nominal composition: Cu ≥ 99.9%) were purchased 
from Metal Samples Co. (Munford, Alabama, USA). 2,2’-Bithophene (97%), copper 
perchlorate (98%), and silver nitrate (99%) were obtained from Sigma-Aldrich 
Chemical Co. (St. Louis, MO. USA). Other chemicals and solvent (reagent grade) 
were used as received. Yeast extract and agar were purchased from Oxoid Ltd. 
(Hampshire, UK). The sulfate-reducing bacterium of Desulfovibrio desulfuricans (D. 
desulfuricans ) was obtained from American Type Culture Collection (ATCC, No. 
27774). Phosphate buffer solutions (PBS) and sodium borohydride solution were 
freshly prepared before use. 
 
Oxidative Graft Polymerization of 2,2’-Bithiophene (BT) from Copper Surface 
with Self-Assembly Monolayer (SAM) of 2,2’-Bithiophene. 
Copper coupon of 7.5 mm × 7.5 mm in size was first polished with alumina powders 
(about 0.3 µm in particle size) and treated with 1.0 M HNO3 to produce a metallic 
copper surface nearly free of carbon and oxygen. The copper coupon was further 
cleaned with copious amounts of deionized water, acetone and ethanol prior to 
chemical modification. The copper coupon was subsequently immersed in a 0.1 M 
ethanol solution of BT for 7 days at 50 °C under a nitrogen atmosphere to form the 
SAM of BT on the copper surface (Cu-S surface). The surface was rinsed with 
ethanol and dried in a steam of purified nitrogen. The SAM-modified copper coupon 
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was introduced into a round bottom flask containing an acetonitrile solution (5 mL) of 
0.20 g (1.2 mmol) of BT. Then, a 5 ml acetonitrile solution of Cu(ClO4)·6H2O (1.2 g, 
3.2 mmol) was added into the round bottom flask under a nitrogen atmosphere at 
room temperature. After 6 h of reaction, the coupon was removed from the reaction 
mixture and washed with copious amounts of acetonitrile, acetone and ethanol, in that 
order, and then dried under reduced pressure. The Cu surface with grafted poly(2,2’-
bithiophene) (PBT) is referred to as the Cu-g-PBT surface. 
 
Immobilization of Silver Nanoparticles (Ag NPs) on the Cu-g-PBT Surface. 
Silver ions were loaded onto the Cu-g-PBT coupon by dipping the latter in a 0.5 mM 
aqueous solution of AgNO3 at 25 °C in the dark for 1 h. After drying under reduced 
pressure, the silver ions on the Cu-g-PBT coupon were reduced by treatment with the 
freshly prepared 1 mM aqueous solution of NaBH4 to form the Ag NPs-immobilized 
Cu-g-PBT surface (referred to as the Cu-g-PBT-Ag NPs surface). The Cu-g-PBT-Ag 
NPs coupon was subsequently washed with copious amounts of water and ethanol, 
and dried under reduced pressure. 
 
Bacteria Cultivation and Inoculation 
D. desulfuricans bacterium was cultured in the simulated seawater-based modified 
Baar’s (SSMB) medium. Each liter of the SSMB medium contained 23.476 g of NaCl, 
3.917 g of Na2SO4, 0.192 g of NaHCO3, 0.664 g of KCl, 0.096 g of KBr, 10.61 g of 
MgCl2·6H2O, 1.469 g of CaCl2·6H2O, 0.026 g of H3BO3, 0.04 g of SrCl2·6H2O, 0.41 
g of MgSO4·7H2O, 0.1 g of NH4Cl, 0.1 g of CaSO4, 0.05 g of K2HPO4, 0.1 g of 
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(NH4)2Fe(SO4)2, 0.5 g of tri-sodium citrate, 3.5 g of sodium lactate, and 1.0 g of yeast 
extract. The pH of medium was adjusted to 7.5 ± 0.1, using a 5 M NaOH solution, 
and then sterilized by autoclaving at 121oC for 20 min at 15 psi.  
 
For the preparation of inoculation medium, a 1 ml aliquot of the 3-day old D. 
desulfuricans culture was introduced into 500 ml of the SSMB medium in a Scotch 
Duran bottle (1.0 L). The medium was incubated at 30oC in an anaerobic workstation 
(Don Whitley, Model MASC MG 500, Maharashtra, India) with a maintained 
atmosphere containing 5% H2, 5% CO2 and 90% N2. The most probable number 
(MPN) method was used to determine the numbers of bacterial cells. The pristine and 
surface-functionalized coupons were first sterilized in 70% ethanol solution for 8 h 
before being introduced into the D. desulfuricans inoculated SSMB medium to assay 
their antibacterial and anticorrosion properties. The planktonic viable cell density of 
D. desulfuricans in the bulk medium remained in the range of 105 to 108 MPN·mL-1, 
with the biogenic sulfide ion concentration maintained in the range of 30 and 40 
mg·L-1 (about 0.94 ~ 1.25 mM), throughout the exposure period in the present study.  
 
Surface Characterization 
Field emission scanning electron microscopy (FESEM) image was obtained on a 
JEOL JSM-6700 scanning electron microscope. The ability of the surface-
functionalized coupons to inhibit bacterial adhesion was revealed by scanning 
electron microscopy (SEM) images. The topography of the PBT modified copper 
surface and the thickness of the PBT coating were studied by atomic force 
microscopy (AFM), using a Nanoscope IIIa AFM from Digital Instrument Inc. 
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4.2.6 Electrochemical Studies 










































4.3 Results and Discussion 
Surface Functionalization of Copper Substrates  
Procedures for the preparation of copper substrates with surface-grafted 
polybithiophene (PBT) brushes (Cu-g-PBT) and immobilized silver nanoparticles (Ag 
NPs) are shown in Figure 4.1. The process involves: (i) self-assembly of 2,2’-
bithiophene (BT) monolayers on the Cu surface to serve as initiation sites for surface 
graft polymerization, (ii) chemical oxidative graft polymerization of BT by copper 
perchlorate from the self-assembled monolayers (SAMs) of BT on the Cu substrate, 
and (iii) immobilization of Ag NPs on the Cu-g-PBT surface to render the surface 
antibacterial and biocorrosion resistance. 
 
Figure 4.2(a) and the inset of Figure 4.2(a) shows the field emission scanning electron 
microscopy (FESEM) and atomic force microscopy (AFM) images of the Cu-g-PBT 
surface. A dense and uniform PBT coating has been successfully deposited via 
chemical oxidative graft polymerization of BT from the SAM of BT on the Cu 
substrate. The thickness of the PBT film is estimated to be 67 nm, as determined from 
the edge profile of the AFM image (Figure 4.2(b)). Figure 4.2(c) shows the FESEM 
image of the Ag NPs-immobilized Cu-g-PBT (Cu-g-PBT-Ag NPs) surface. Almost 
the entire Cu-g-PBT surface is covered by nearly monodispersed Ag NPs, arising 
from the high chemical affinity of sulfur for silver. The average diameter of the Ag 
NPs is about 15 nm. The small particle size provides a substantially enhanced 












Figure 4.1 Schematic diagram illustrating the process of oxidative graft 
polymerization of 2,2’-bithophene (BT) from pre-modified copper surface by self-
assembled monolayers (SAMs) of BT, and subsequent immobilization of silver 
nanoparticles (Ag NPs). 
 




































































Figure 4.2 (a) FESEM image of the Cu-g-PBT surface, (b) AFM vertical section 
analysis of the PBT film thickness, and (c) FESEM image of Cu-g-PBT-Ag NPs 








reactivity of the surface (Morones et al., 2005).  
 
The compositions of functionalized Cu surfaces were characterized by X-ray 
photoelectron spectroscopy (XPS). Figures 4.3(a) and 4.3(b) show the XPS wide scan 
and S 2p core-level spectra of the BT SAM-modified Cu surface (Cu-S surface). The 
photoelectron lines at the binding energies (BEs) of about 76, 168, 230, 285, 530, 548, 
568, and 940 eV in the wide scan spectrum are attributable to Cu 3p, S 2p, S 2s, C 1s, 
O 1s, Cu L2M45M45, Cu L3M45M45, and Cu 2p species, respectively (Wagner et al., 
1992). The S 2p3/2 and S 2p1/2 spin-orbit split doublet with BEs at about 162 and 
163.2 eV is attributable to the bound sulfur species of bithiophene (Okawa et al. 2000),  
on the Cu surface, indicating the presence of chemical interaction between the sulfur 
atom in thiophene and the Cu surface. In the absence of complex formation, the S 
2p3/2 component of unbound thiophene has a BE of around 163.7 eV (Noh et al., 2002, 
Kang et al., 1991). Thus, a bithiophene monolayer has been successfully chemisorbed 
onto the copper surface to provide the anchoring sites for the subsequent chemical 
oxidative graft polymerization of bithiophene. 
 
Figures 4.3(c) and 4.3(d) show the wide scan and S 2p core-level spectra of the Cu-g-
PBT surface prepared by oxidative graft polymerization of BT from the Cu-S surface 
in the presence of Cu(ClO4)2·6H2O in acetonitrile. In comparison with those in the 
wide scan spectrum of the Cu-S surface (Figure 4.3(a)), the intensities of the S 2p, S 








Figure 4.3 (a,b) Wide scan and S 2p core-level spectra of the Cu-S surface, (c,d) C 1s 
and S 2p core-level spectra of the Cu-g-PBT surface, and (e,f) wide scan and Ag 3d 
core-level spectra of the Cu-g-PBT-Ag NPs surface. 
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the Cu signals has disappeared almost completely after oxidative graft polymerization 
of BT. The C1s peak components (the inset of Figure 4.3(d)) with BEs at about 284.6, 
286.2, 287.6 and 290 eV are attributable to the α and β carbon of thiophene units, 
positively consists of two major spin-orbit split doublets, S 2p3/2 and S 2p1/2, with the 
BEs for the polarized carbon atoms (Cδ+), and *pipi →  shake up satellite structure, 
respectively (Noh et al., 2002). The S 2p core-level spectrum (Figure 4.3(d)) of the 
Cu-g-PBT surface respective S 2p3/2 components lies at about 163.6 eV and 164.6 eV 
(Wagner et al., 1992; Kang, et al., 1991).  The former is attributable to the neutral 
thiophene units. The latter high-BE component (dash curves), which is shifted by 
about 1.0 eV from the neutral sulfur species, is associated with the partially charged 
sulfur species (Kang et al., 1991). Furthermore, the [C]:[S] ratio for the surface is 
about 4.2:1, in fairly good agreement with the theoretical ratio of 4:1 for PBT, 
indicating that a homogenous PBT film has been successfully grafted on the Cu-S 
surface.  
 
Figures 4.3(e) and 4.3(f) show the XPS wide scan and Ag 3d core-level spectra of the 
Cu-g-PBT surface after loading of AgNO3 in an aqueous solution and reduction by 
NaBH4 (Cu-g-PBT-Ag NPs surface). The appearance of Ag 4d, Ag 4s, Ag 3d, Ag 3p 
and Ag 3s signals with BEs at 4.5 eV, 98, 370, 585 and 719 eV,37 respectively, in the 
wide scan spectrum indicates the successful immobilization of Ag NPs on the Cu-g-
PBT surface. The Ag 3d5/2 and Ag 3d3/2 spin-orbit split doublet with BEs at about 368 
and 374 eV is attributable to the Ag(0) species.40,44 The XPS results thus suggest that 
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the Ag ions from AgNO3 solution have been reduced to the metallic state on the Cu-g-
PBT surface in the presence of NaBH4. For this Cu-g-PBT-Ag NPs surface, the XPS 
derived [Ag]/[S] atom ratio is 0.74, significantly higher than the [Ag]/[N] ratio of 
0.18 for Ag NPs-immobilized polyethyleneimine (PEI) film (Shi et al., 2006), using 
the same sorption and reduction method. The phenomenon can probably be attributed 
to the higher chemical affinity of sulfur (than nitrogen) for silver. The XPS results are 
thus consistent with the FESEM results on the presence of a dense layer of Ag NPs on 
the Cu-g-PBT-Ag NPs surface. 
 
Antibacterial Properties of the Surface Functionalized Copper Coupons 
Figures 4.4(a)-(f) show the respective SEM images of the bare Cu, Cu-g-PBT, and 
Cu-g-PBT-Ag NPs coupons after exposure to the D. desulfuricans inoculated SSMB 
medium for 5 and 30 days. Only a few bacteria are observed on the bare Cu surface 
after 5 days of incubation, as shown in Figure 4.4(a). The reduced adhesion of 
bacteria is due to the toxicity of copper ions. After incubation for 30 days, dense 
deposits of bacteria are observed on the entire bare Cu coupon (Figure 4.4(b)). The D. 
desulfuricans bacterium belongs to a family of sulfate-reducing bacteria (SRB). It 
produces H2S which can react with copper to form copper sulfide and gradually 
reduces the toxicity of bare Cu coupons with the increase in exposure time. Thus, a 
loose surface film, consisting of the extracellular matrix of biofilms, water, bacteria 
and corrosion products (CuCl, Cu2O, CuS, and Cu2S), was formed on the bare Cu 









Figure 4.4 SEM images of the (a,b) bare Cu, (c,d) Cu-g-PBT, and (e,f) Cu-g-PBT-Ag 
NPs surfaces after incubation in the D. desulfuricans inoculated SSMB medium for 5 















ow et al., 1983). Because of the formation of cuprous sulfide (Huang et al., 2004), the 
surface film also became porous, fragile and poorly protective, leading to accelerated 
and localized corrosion of the Cu coupon.  
 
Almost no cell attachment is discernible on the Cu-g-PBT coupon surface after 5 days 
of incubation (Figure 4.4(c)). Hydrophobic polymer film surfaces have been reported 
to reduce the adhesion of D. desulfuricans cells (Lopes et al., 2005). Thus, the 
hydrophobic nature of the polybithiophene (Sullivan et al., 2000) film may play a role 
in reducing the adhesion of D. desulfuricans cells on Cu-g-PBT coupons during the 
initial period. However, with the exposure time extended to 30 days, the formation of 
a thin biofilm on the Cu-g-PBT coupon surface becomes discernible (Figure 4.4(d)), 
indicating that the grafted PBT layer cannot completely inhibit the adhesion and 
proliferation of D. desulfuricans. On the other hand, only a few D. desulfuricans cells 
can be found on the Cu-g-PBT-Ag NPs coupon surface after 30 days of incubation, 
attributable to the strong toxicity of Ag NPs to a wide range of micro-organisms. 
Although the effects of Ag NPs on microorganisms have not been clearly revealed, 
the antimicrobial mechanism of Ag NPs is thought to be related to the formation of 
free radicals, which subsequently induce damages to the bacterial membranes (Kim et 
al., 2007). Thus, the antibacterial property of the Ag NPs on the Cu-g-PBT-Ag NPs 
coupon is consistent with SEM images of the fouling-free surfaces in Figures 4.4(e) 




Anti-biocorrosion Behavior of the Surface-Functionalized Coupons 
Tafel polarization curves and electrochemical impedance spectroscopy (EIS) 
measurements are widely used to evaluate anti-biocorrosion efficiency of polymer 
coatings on metal surfaces (Mansfeld et al., 1991, Mansfeld et al., 1986). The Tafel 
polarization curves (Figure 4.5) were analyzed quantitatively with the GPES software 
to obtain the values of the corrosion rates, while the EIS results (Figure 4.6) were 
fitted with appropriate equivalent electrical circuits (EECs) using the program 
EQUIVCRT by Boukamp (Boukamp, 1986). Four types of EECs were proposed to 
model the respective impedance spectra of the bare Cu and surface-functionalized 
coupons (Figure 4.7). Among the circuit elements in these EECs, the resistance of 
surface film, Rf, refers to the resistance of the porous surface films (including passive 
oxide films, corrosion products films, and biofilms etc), and the pore resistances, 
Rsam and Rpo, represent the extent of ionic conduction through the SAM and 
polymer film, respectively, in an electrolytic environment. The parameters, obtained 
from the Tafel polarization and EIS curves, are summarized in Table 4.1, and Table 
4.2, respectively. 
 
As shown in Table 4.1, the corrosion rate of the bare Cu coupon in the D. 
desulfuricans inoculated SSMB medium is only slightly higher than that of the 
corresponding bare Cu coupon in the sterile SSMB medium after 5 days of incubation. 












































Figure 4.5 Tafel polarization curves of the bare Cu, Cu-S, Cu-g-PBT and Cu-g-PBT-
Ag NPs coupons after exposure in the D. desulfuricans inoculated SSMB medium, 
and of the bare Cu in the sterile sweater medium, for (a) 5, (b) 14 and (c) 30 days. 
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Table 4.1 Analysis of Tafel plots of the bare and the surface-functionalized copper 
coupons after various exposure periods in the sterile and the D. desulfuricans 






 Ecorr refers to the potential where the current reaches zero under polarization 
b
 SD refers to standard deviation 
 
 
many biological species, on the bare Cu surface in the D. desulfuricans inoculated 
SSMB medium to inhibit biocorrosion. However, after 30 days of exposure, the 
corrosion rate of the bare Cu coupon in the D. desulfuricans inoculated SSMB 
medium is more than twice that of the corresponding bare Cu coupon in the sterile 
SSMB medium, indicating increased corrosion attack of the Cu coupon in the 
presence of D. desulfuricans. This increased corrosion attack suggests that the toxic 
copper ions have been consumed by reaction with H2S, produced by SRB, to form 
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          SDb 
-0.192    0.004 
-0.178    0.005 
-0.145    0.003 
-0.114    0.005 
-0.110    0.002 
 
-0.250    0.002 
-0.194    0.006 
-0.173    0.005 
-0.139    0.007 
-0.113    0.003 
 
-0.299    0.004 
-0.214    0.007 
-0.207    0.008 
-0.177    0.003 
-0.149    0.005 
         SDb 
 196.5    4.25 
 180.3    5.02 
 19.43    0.35 
 10.90    0.67 
 5.850    0.73 
 
 543.2    6.12 
 258.2    4.43 
 53.71    1.53 
 19.14    0.98 
 9.041    0.32 
 
 1099.    5.43 
 311.4    4.21 
 131.6    4.52 
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 13.83    0.82 




















potential. In addition, it has been reported that a small concentration of H2S is 
sufficient to substantially accelerate the cathodic reaction in the corrosion process of 
copper alloys in SRB-inoculated seawater (Huang et al., 2004). In the case of Cu-S 
coupon, the corrosion rate is much lower than that of the corresponding bare Cu 
coupon in the D. desulfuricans inoculated SSMB medium, indicative of bithiophene 
SAM as an active protection layer for copper corrosion. As for the Cu-g-PBT and Cu-
g-PBT-Ag NPs coupons, the magnitudes of corrosion rate are reduced significantly 
from that of the corresponding bare Cu coupon after 30 days of exposure  
in the D. desulfuricans inoculated SSMB medium, indicating that the PBT-Ag NPs 
hybrid coating in particular possesses the desired capability to inhibit biocorrosion by 
D. desulfuricans. 
 
As shown in Table 4.2, the values of charge transfer resistance (Rct) and the resistance 
of surface film (Rf) for the bare Cu coupon in the D. desulfuricans inoculated SSMB 
medium deceases significantly with exposure time. The phenomenon indicates the 
formation of porous corrosion product layers (CuS and Cu2S and biofilm), instead of  
the passive copper oxide (Cu2O) layer, on the copper surface with the exposure time 
to accelerate the anodic corrosion of bare Cu. For the Cu-S coupons, the pore 
resistance of the SAM layers (Rsam ), and thus its protective ability, also decreases 
































Figure 4.6 Impedance spectra of the (a) bare Cu , (c) Cu-S (d) Cu-g-PBT and (e) Cu-
g-PBT-Ag NPs coupons in the D. desulfuricans inoculated SSMB medium, and of  
the (b) bare Cu in the sterile sweater medium, for 5, 14, and 30 days.  
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Table 4.2 Parameters for fitting the EIS spectra of the bare and the surface-
functionalized copper coupons after various exposure periods in the sterile and the D. 




















Bare Cu a 21.61 1.56 0.54 – – 2.03 
Bare Cu (Sterile) b 14.31 2.28 1.52 – – 0.45 
Cu-Sc 21.06 – – 3.55 – 8.92 
Cu-g-PBT d 27.95 3.52 – – 1.31 5.13 
Cu-g-PBT-Ag NPs e 
5 
20.75 3.73 – – 2.03 12.03 
        
Bare Cu a 23.43 0.50 0.32 – – 1.05 
Bare Cu (Sterile) b 22.18 1.71 1.05 – – 0.34 
Cu-Sc 20.14 – – 2.02 – 5.32 
Cu-g-PBT d 22.69 3.27 – – 1.03 3.03 
Cu-g-PBT-Ag NPs e 
14 
25.74 3.61 – – 1.99 10.98 
        
Bare Cu a 19.13 0.35 0.17 – – 4.21 
Bare Cu (Sterile) b 17.74 1.54 1.07 – – 0.68 
Cu-Sc 13.54 – – 1.25 – 3.21 
Cu-g-PBT d 16.25 2.86 – – 0.92 2.40 
Cu-g-PBT-Ag NPs e 
30 
24.54 3.45 – – 1.87 11.79 
 
a
 EIS data of the bare Cu in the D. desulfuricans inoculated SSMB medium are fitted with equivalent 
circuit (a) of Figure 6 
 
b
 EIS data of the bare Cu in the sterile medium are fitted with equivalent circuit (a) of Figure 6 
c EIS data of the SAM modified coupon in the D. desulfuricans inoculated SSMB medium are fitted 
with equivalent circuit (b) of Figure 6 
d EIS data of the surface-functionalized coupons in the D. desulfuricans inoculated SSMB medium are 
fitted with equivalent circuit (c) of Figure 6 
e EIS data of the surface-functionalized coupons in the D. desulfuricans inoculated SSMB medium are 
fitted with equivalent circuit (d) of Figure 6 
 
 
can penetrate SAMs even when they are defect-free (Nahir et al., 1994). Moreover, 
the aggressive Cl- and biogenic S2- in the D. desulfuricans inoculated SSMB medium 
are readily adsorbed on the copper surface during incubation, resulting in the 
desorption of thiols from the copper surface (Feng et al., 1997), and leading to 
accelerated anodic reaction of the Cu-S coupon. In comparison, the pore resistances 






























Rs, resistance of the electrolyte solution; Qf, constant phase element (CPE) of the surface film; Rf, 
resistance of the surface film; Qdl, CPE of electrical double layer (EDL); Rct, charge transfer resistance 
of EDL; Rsam, pore resistance of the SAM; Qsam, CPE of the SAM; Zw, Warburg impedance; Qc, CPE of 
the coatings; Rpo, pore resistance of the coatings. 
 
Figure 4.7 Equivalent circuits used for fitting the impedance spectra of (a) the bare 
Cu after various exposure periods in the sterile SSMB medium and in the D. 
desulfuricans inoculated SSMB medium, (b) Cu-S, (c) Cu-g-PBT and (d) Cu-g-PBT-
Ag NPs coupons after various exposure periods in the D. desulfuricans inoculated 
SSMB medium. 
 
throughout the entire exposure period, attributable to the low permeability and good 






























images, the PBT film formed on the copper surface is free of micro-cracks and non-
porous, rendering it highly resistant to permeation of seawater and aggressive ions. 
Furthermore, the hydrophobicity of the PBT film surface may also play an important 
role in reducing the water uptake and enhancing the barrier resistance of PBT film. 
The PBT coating has also been reported to provide anodic protection for copper in 
3.5% NaCl solution (Tuken et al., 2005). In addition to their antibacterial ability, Ag 
NPs have been reported to exhibit protective property on copper, attributable to the 
large resistance of the Ag NPs layer to prevent the permeation of the electrons or ions 
(Li et al., 2006). In this work, the value of Rpo for the Cu-g-PBT-Ag NPs coupon is 
about 9.5 kΩ larger than that of the corresponding of Cu-g-PBT coupon after 30 days 
of incubation, indicating the enhancement of corrosion resistance after immobilization 
of Ag NPs. Although a slight decease in Rpo for the Cu-g-PBT-Ag NPs coupon was 
observed after 30 days of incubation, due probably to stripping off some of the Ag 
NPs aggregates, the Rpo of the Cu-g-PBT-Ag NPs coupon remains high at around 18.7 
kΩ. On the other hand, Rct values of the two surface-functionalized copper coupons 
remain significantly larger than that of the bare Cu coupons throughout the exposure 
periods in the D. desulfuricans inoculated SSMB medium, indicative of the decrease 
in corrosion rate of the bare Cu coupons under the protection of grafted PBT or 






Stability of the Cu-g-PBT-Ag NPs Copper Surfaces 
The stability and durability of the polymer coatings are important criteria for their 
application in corrosion protection. In this work, SAMs of 2,2’-bithiophene were 
chemisorbed onto copper surfaces to serve as initiation sites for the oxidative graft 
polymerization of 2,2’-bithiophene. The robustness of the SAMs is attributable to the 
strong affinity of copper for the sulfur atoms of bithiophene units. To obtain a high-
quality monolayer, the immersion time was extended to 7 days, which could reduce 
the conformational defects and pinholes in the monolayer (Love et al., 2005). More 
densely packed SAMs, that can provide a better barrier against the penetration of 
aqueous ions, are formed at elevated temperatures (Jennings et al., 2005). The SEM 
images of Cu-g-PBT surfaces before and after 30 days of immersion in the D. 
desulfuricans inoculated SSMB medium, and upon removal of the biofilms and 
corrosion products, are shown in Figures 4.8(a) and 4.8(b), respectively. Except for 
some surface strains arising from the adhesion of bacteria, the surface graft layer 
remains intact after 30 days of exposure. In addition, comparison of the XPS wide 
scan spectra of the corresponding surfaces in Figures 4.9(a) and 4.9(c) shows that the 
relative intensities of C 1s and S 2p signals of the Cu-g-PBT surface (upon removal of 
the biofilm and corrosion products) remain almost unchanged after 30 days of 
incubation, suggesting the stability and reliability of the covalently grafted PBT film 
on the Cu surface. The reduction in the relative intensities of Cl 2p and O 1s signals in 






Figure 4.8 SEM images of  the (a,b) Cu-g-PBT and (c,d) Cu-g-PBT-Ag NPs surfaces 
before and after incubation in the D. desulfuricans inoculated SSMB medium for 30 
days (The corrosion products had been removed from the surface).  
 
and 4.9(d)) indicate that the perchlorate doping level in the PBT film has been 
reduced after 30 days of immersion in the D. desulfuricans inoculated SSMB medium. 
Comparison of the respective SEM images of Cu-g-PBT-Ag NPs surface before and 
after 30 days of incubation (Figures 4.8(c) and 4.8(d)) shows that the Ag NPs 
dispersions, including their aggregates, on the Cu-g-PBT-Ag NPs surface remain 









Figure 4.9 Wide scan and C 1s core-level spectra of the Cu-g-PBT surface (a,b) 
before and (c,d) after incubation in the D. desulfuricans inoculated SSMB medium for 
30 days (The corrosion products had been removed from the surface). 
 
 
still covered by Ag NPs, attributable to the strong affinity of the thiol-rich Cu-g-PBT 
surface for Ag NPs. In addition, the XPS-derived [Ag]/[S] molar ratio of the Cu-g-
PBT-Ag NPs surface has changed by less than 5% after 30 days of incubation. Thus, 
the well-structured PBT-Ag NPs hybrid surface exhibits good stability and durability 
for application in the harsh biocorrosive medium over an extended period of at least 
30 days. 
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Oxidative graft polymerization of 2,2’-bithiophene from the copper surface, pre-
modified by self-assembled monolayer of 2,2’-bithiophene, gives rise to the Cu-g-
PBT surface, which can be further functionalized by immobilization of Ag NPs. The 
adhesion of sulfate-reducing bacteria (SRB) on the Cu-g-PBT-Ag NPs surface in a 
simulated seawater medium was significantly inhibited over an extended period. In 
addition, the Tafel polarization curves and electrochemical impedance spectroscopy 
results showed that corrosion resistance of the PBT film and antibacterial property of 
the immobilized Ag NPs could be effectively combined and imparted on copper 
surfaces to inhibit SRB-induced biocorrosion. The approach to well-structured and 
durable PBT-Ag NPs hybrid surface, via surface-initiated oxidative graft 
polymerization and strong affinity of thiols for noble and coinage metals, thus 
provides a versatile and environmentally-benign means for tailoring the 
physiochemical properties of the copper surface for inhibiting corrosion, biofilm 












A GLUCOSE BIOSENSOR FROM COVALENT 
IMMOBILIZATION OF CHITOSAN-GRAFTED 






















Diabetes is a world-wide public health problem. Its diagnosis and management 
require a tight monitoring of blood glucose levels (Banerjee et al., 2004; Wilkins and 
Atanasov, 1996). Electrochemical biosensors, especially amperometric biosensors, for 
glucose play a leading role in this monitoring process (Turner et al., 1999; Wang, 
2001; Harwood and Pouton, 1996). Conducting polymers have attracted much 
attention in the development of efficient amperometric glucose biosensors 
(Trojanowicz and Krawczyk, 1995; Gerard et al., 2002; Zhang, 2000; Mello and 
Kubota, 2007; Ahuja et al., 2007). Their unique electroactive properties allow them to 
act as excellent materials for the immobilization of biomolecules and rapid transfer of 
electrons (Cen et al., 2003; Liu et al., 2008). Among the various conducting polymers, 
polyaniline (PANI) is particularly attractive owing to its high electrical conductivity, 
ease of preparation and good environmental stability. Thus, PANI provides a suitable 
matrix for the immobilization of biomolecules and significant improvement in signal 
amplification (Sangodkar et al., 1996; Kazimierska et al., 2009), and can act as a 
mediator for electron transfer in enzymatic reaction (Luo and Do, 2004; Shi et al., 
2004) . 
 
Chitosan (CS) has been widely used for the immobilization of various enzymes in the 
fabrication of biosensors in recent years ((Krajewska, 2004; Zou et al., 2008; Zhu et 
al., 2005). Its unusual combination of properties, such as excellent membrane-forming 
ability, good adhesion, high mechanical strength, good biocompatibility and 
Chapter 5 
 101 
susceptibility to chemical modification arising from the presence of reactive amino 
and hydroxyl function groups, has promoted its application in biosensors (Kurita, 
2001; Masuko et al., 2005). However, CS is nonconductive, which hampers electron 
transfer in the biocatalytic process of enzymes (Yang et al., 1989). Thus, CS is 
usually used in combination with conductive polymers, carbon nanotubes (CNTs), 
redox mediators or metal nanoparticles in the electrochemical biosensing platforms 
(Wang et al., 2009; Luo et al.,2005; Xu et al., 2006). Arising from the attractive 
electronic, chemical and mechanical properties of CNTs, many CS/CNTs composites 
have been explored for the development of electrochemical biosensors (Xu et al., 
2006; Zhang et al.,2004; Liu et al., 2005). It is desirable to covalently couple CS with 
CNTs (CS-CNTs), since CNTs can enhance the conductivity of CS while CS can 
improve the hydrophilicity and biocompatibility of CNTs, resulting in good dispersity 
and long-term stability of the CS-CNTs in diluted organic acids (Wu et al., 2007). 
 
Amperometric biosensors are usually prepared by blending, layer-by-layer coating, 
sol–gel reaction or electrochemical deposition, of the electroactive materials on the 
surface of electrodes (Liu et al., 2005; Komathia et al., 2009; Tiwari and Gong, 2008; 
Zou et al., 2008; Khana and Dhayal, 2009). To enhance the lifetime stability of 
enzymatic electrode, it is of great interest to immobilize the enzymes and 
biomolecules on electrodes via robust covalent bonds (Ahuja et al., 2007; Rajesh et al., 
2005; Rajesh and Kaneto, 2004). In this work, schemes 1 to 3 in Figure 5.1 illustrate 
the procedures for fabricating the amperometric glucose biosensor with covalently 
























































Figure 5.1 Schematic diagram illustrating the process of fabrication of the Au-g- 






5.2 Experimental Section 
Materials. Aniline (99%), 4-aminothiophenol (97%), 1,4-carbonyldiimidazole (97%), 
glucose oxidase, D(+)-glucose (99.5%) and chitosan (CS, low-molecular weight), 
were obtained from Sigma-Aldrich Chemical Co. Multiwalled carbon nanotubes 
(MWCNT) were purchased from NanoLab, Inc. Solvents, such as tetrahydrofuran 
(THF), N,N'-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were of 
reagent grade and were used as received. Other reagents were used as received. 
Phosphate buffer solution (PBS) was prepared afresh before use.  
 
Preparation of Chitosan-Coupled Carbon Nanotubes (CS-CNTs). CS-CNTs were 
synthesized according to the method described in the literature (Wu et al., 2007) 
(Scheme 3, Figure 5.1). The carboxyl-functionalized CNTs (CNTs-COOH) were 
prepared via sonication in a 1:3 (v/v) mixture of concentrated nitric/sulfuric acid at 50 
°C for 6 h. The acryl chloride-functionalized CNTs (CNTs-COCl) was prepared by 
suspending CNTs-COOH in a solution of thionyl chloride and stirring for 24 h at 70 
°C. The solid was removed by filtration, washed with anhydrous THF and dried. The 
so-obtained CNTs-COCl (10 mg) and completely deacetylated CS (200 mg) were 
added to anhydrous DMF (20 mL). The mixture was stirred at 120 °C for 96 h under a 
nitrogen atmosphere. After the reaction, the mixture was filtered and washed with 
copious amounts of 2% aqueous acetic acid solution until no CS could be detected in 




Oxidative Graft Polymerization of Aniline from 4-Aminothiophenol-Modified 
Gold Electrode. The gold electrode was immersed in a 10 mM ethanol solution of 4-
aminobenzenethiol for 72 h at 35 °C to form a self-assembled monolayer (SAM) of 4-
aminothiophenol. The surface was then rinsed with copious amounts of ethanol to 
remove the unbounded residues. The oxidative graft polymerization was carried out in 
30 mL of 0.5 M aqueous solution of HCl, containing the SAM-modified gold 
electrode, 1 ml (~0.01 mol) of aniline and 0.23 g (~0.01 mol) of (NH4)2S2O8 at 0 °C 
for 5 h. The so-obtained electrode, referred to as the Au-g-PANI electrode, was 
washed with copious amounts of doubly distilled water and dried under reduced 
pressure. 
 
Covalent Coupling of CS-CNTs onto the Au-g-PANI Electrode. Glutaraldehyde 
(GA) has been widely used as a cross-linking agent. In this work, GA provides the 
reactive aldehyde groups for covalent bonding of PANI with CS. The Au-g-PANI 
electrode was immersed in a 3% aqueous solution of glutaraldehyde under stirring at 
room temperature overnight. After being cleaned with copious amounts of doubly 
distilled water, the electrode was immersed in 10 mL of 2% aqueous solution of acetic 
acid containing 5 mg/mL CS-CNTs overnight. The resulting electrode was washed 





Covalent Immobilization of Glucose Oxidase (GOD) onto the Au-g-PANI-c- (CS-
CNTs) Electrode. The Au-g-PANI-c-(CS-CNTs) electrode was immersed in 5 mL of 
dried DMSO, containing 1 g of 1,4-carbonyldiimidazole (CDI), for 24 h at room 
temperature, and then in a 5 mL of PBS containing 5 mg/mL of GOD for 48 h. After 
the immobilization reaction, the modified electrode surface was washed sequentially 
with excess PBS and doubly distilled water, and dried under reduced pressure.  
 
Characterization. Transmission electron microscopy (TEM) images were obtained 
on a JEOL JEM-2010 transmission electron microscope. The electrochemical 
behavior and biocatalytic response of the GOD-functionalized Au electrodes to 
glucose were determined by cyclic voltammetry and chronamperometry 
measurements on an Eco Chemie Autolab PGSTAT 30 Potentiostat/Galvanostat Unit 















5.3 Results and Discussion 
Surface Functionalization of Au Electrodes. Figures 5.2(a) and 5.2(b) show the 
respective X-ray photoelectron spectroscopy (XPS) wide scan and N 1s core-level 
spectra of the Au electrode surface with self-assembled monolayer (SAM) of 4-
aminothiophenol (Au-NH2 surface). In the wide scan spectrum, the photoelectron 
lines at the binding energies (BEs) of about 62, 84, 168, 285, 344, 399 and 590 eV are 
attributable to Au 5p, Au 4f, S 2p, C 1s, Au 4d, N1s and Au 4p species, respectively 
(Wagner et al., 1992). The N 1s core-level spectrum of the Au-NH2 surface with a BE 
at about 399.4 eV is attributed to the terminal amine group of 4-aminothiophenol on 
the Au electrode surface (Wagner et al., 1992). The amine functional groups on the 
Au surface can thus be used as anchoring sites for the subsequently oxidative graft 
polymerization of aniline. 
 
Figures 5.2(c) and 5.2(d) show the XPS wide scan and N 1s core-level spectra of the 
polyaniline (PANI)-grafted Au electrode (Au-g-PANI) surface. In comparison with 
that of the N 1s signal in the wide scan spectrum of Au-NH2 surface in Figure 5.2(a), 
the intensity of N 1s signal of the Au-g-PANI surface has increased significantly, 
while the Au 5p, Au 4f, Au 4d and Au 4p signals have disappeared almost completely 
after the oxidative graft polymerization of aniline. The N 1s peak components with 
BEs at about 398.2, 399.4 and >400 eV correspond to the quinonoid imine (=N-), 
benzenoid amine (-NH-) and the positively charged nitrogen (N+), respectively (Kang 
et al., 1998). Upon oxidative graft polymerization of aniline, the surface [C]:[N] 
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molar ratio, as determined from C 1s and N 1s spectra area ratio, is about 6.2:1. The 
ratio agrees well with the theoretical [C]:[N] ratio of 6:1 for PANI, indicating 
successful grafting of PANI on the Au-NH2 electrode surface. 
 
Glutaraldehyde (GA) was used as a bifunctional linker to covalently immobilize 


















Figure 5.2 Wide scan and N 1s core-level spectra of the (a,b) Au-NH2 surface, and 
(c,d) Au-g-PANI surface. 
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Figure 5.3 Wide scan, N 1s and C 1s core-level spectra of the (a,b,c) Au-g-PANI-
CHO surface, and (d,e,f) Au-g-PANI-c-(CS-CNTs) surface. The insets of Figure 
6.3(e,f) are the N 1s and C 1s core-level spectra of CS-CNTs. 
 
 
5.3(a) shows the XPS wide scan spectrum of the GA-coupled Au-g-PANI (Au-g-
PANI-CHO) surface. In comparison with the wide scan spectra of Au-g-PANI surface 
in Figure 5.2(c), the intensity of O 1s signal for the Au-g-PANI-CHO surface has 
increased significantly, while the intensity of the N 1s peak has decreased upon 
coupling of GA. The N 1s peak components with BEs at about 398.2, 399.4 and >400 
eV correspond to the imine (=N-), amine (-NH-) and the positively charged nitrogen 
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and the decrease in –NH- peak component intensity are consistent with the reaction of 
O=C-H groups of GA with the –NH- groups on the Au-g-PANI surface to form the 
C=N species. The C 1s core-level spectrum of the Au-g-PANI-CHO surface (Figure 
5.3(c)) can be curve-fitted into three peak components with BEs at 284.6, 285.7 and 
287.6 eV, attributable to the C–H, C–N/C=N, and O=C–H species, respectively 
(Wagner et al., 1992). The results suggest that GA has been successfully coupled to 
the Au-g-PANI surface and the residual O=C-H groups can be used for the 
subsequently covalent coupling of CS-CNTs.  
 
Figure 5.3(d) shows the XPS wide scan spectrum of the Au-g-PANI-CHO surface 
after coupling of CS-CNTs, or the Au-g-PANI-c-(CS-CNTs) surface. In comparison 
with the wide scan spectrum of the Au-g-PANI-CHO surface, the intensity of N 1s 
signal of the Au-g-PANI-c-(CS-CNTs) surface has increased significantly, arising 
from the contribution of the amine species in CS-CNTs. Figure 5.3(e) show the N 1s 
core-level spectrum of Au-g-PANI-c-(CS-CNTs) surface. The N 1s peak components 
with BEs at about 399.4, 400 eV and >400 eV are attributable to –NH2, -NH-C=O, 
and N+ species, respectively (Wagner et al., 1992). The -NH-C=O peak component is 
probably associated with the CS-CNTs complex arising from the reaction of the –NH2 
groups of CS with the O=C-Cl groups of CNTs. In comparison with the N 1s core-
level spectra of the CS-CNTs (inset of Figure 5.3(e)) and Au-g-PANI-CHO surfaces, 
the disappearance of –N= species at the BE of 398.2 eV on the Au-g-PANI-c-(CS-
CNTs) surface and the resemblance of the N 1s spectral line shape of Au-g-PANI-c-
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(CS-CNTs) to that of CS-CNTs suggest that CS-CNTs have been successfully 
coupled to the Au-g-PANI-CHO surface to a thickness greater than the probing depth 
of the XPS technique (~8 nm in an organic matrix (Wagner et al., 1992)). The C 1s 
core-level spectrum of the Au-g-PANI-c-(CS-CNTs) surface (Figure 5.3 (f)) can be 
curve-fitted into five peak components with BEs at about 284.6, 285.7, 286.2, 287.6 
and 288.5 eV, attributable to the C-C/C–H, C–N/C=N, C–O, O=C-NH and O=C–O 
species, respectively (Wagner et al., 1992). The similarity in C 1s spectral line shape 
of the CS-CNTs surface (inset of Figure 5.3(f)) to that of the Au-g-PANI-c-(CS-CNTs) 
surface further indicates that the Au-g-PANI-c-(CS-CNTs) surface is dominated by 
the CS-CNTs layer.  
  
The field emission scanning electron microscopy (FESEM) images of the Au-g-
PANI-c-(CS-CNTs) surface are shown in Figure 5.4. The nanotubes are well-
dispersed on the Au-g-PANI-c-(CS-CNTs) surface (Figure 5.4(a)) to form a three-
dimensional network structure on the electrode surface (Figure 5.4(b)). The three-
dimensional network structure of the Au-g-PANI-c-(CS-CNTs) electrode surface 
provides a spatial microenvironment for enzyme incorporation, as compared to that of 
the planar electrode surface. The transmission electron microscopy (TEM) image in 
the inset of Figure 5.4(b) shows the nanostructure of the CS-CNTs. The CNTs were 
wrapped by the grafted CS polymer of several nanometers in thickness. The CS-CNTs 




















































CS layer has helped to reduce the interaction among the CNTs, thus inhibiting the 
aggregation of CNTs and resulting in a uniform dispersion of the coupled CS-CNTs 
composites on the Au-g-PANI-c-(CS-CNTs) electrode. Moreover, the uniform 
distribution of CS-CNTs on the Au-g-PANI-c-(CS-CNTs) electrode surface can 
provide a conductive pathway for electron-transfer. Thus, the present three-
dimensionally coupled CS-CNTs on the Au-g-PANI-c-(CS-CNTs) electrode surface 
are favorable to the construction of biosensors.  
 
The hydroxyl and amine functional groups of CS on the Au-g-PANI-c-(CS-CNTs) 
surface is activated by 1,4-carbonyldiimidazole (CDI) for the subsequent 
immobilization of amine-containing glucose oxidase (GOD). Figure 5.5 shows the 
respective XPS C 1s and N 1s core-level spectra of the CDI-activated and GOD-
immobilized Au-g-PANI-c-(CS-CNTs) surfaces (Au-g-PANI-c-(CS-CNTs)- CDI and 
Au-g-PANI-c-(CS-CNTs)-GOD surfaces, respectively). The C 1s core-level spectrum 
of the Au-g-PANI-c-(CS-CNTs)-CDI surface can be curve-fitted into five peak 
components with BEs at about 284.6, 285.7, 286.2, 287.6 and 288.5 eV, attributable 
to the C-C/C–H, C–N/C=N, C–O, O=C-NH and O=C–O species, respectively 
(Wagner et al., 1992). The increase in O=C-O peak intensity indicate that the CDI-
coupling reaction involves the reaction of the –OH groups on the Au-g-PANI-c-(CS-
CNTs) surface with the carbonyl imidazole groups of CDI. The corresponding N 1s 
spectrum consists of the =N– (BE~397.9 eV), –NH– (BE~399.4 eV), NH-C=O 
(BE~400 eV) and -N+ (BE > 400 eV) peak components. In comparison with the N 1s 
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core-level spectrum of the Au-g-PANI-c-(CS-CNTs) surface, a significant increase in 
intensity of  the =N- peak component is associated with the coupled carbonyl 



















Figure 5.5 C 1s and N 1s core-level spectra of the (a,b) Au-g-PANI- c-(CS-CNTs)-
CDI  surface, and (c,d) Au-g-PANI-c-(CS- CNTs)-GOD surface. 
 
et al., 2008). The C 1s core-level spectrum of Au-g-PANI-c-(CS-CNTs)-GOD surface 
(Figure 5.5(c)) can be curve-fitted into five peak components with BE’s at about 
284.6, 285.7, 286.2, 287.6 and 288.5 eV, attributable to the C-C/C–H, C–N/C=N, C–
O, O=C-NH, and O=C–O species, respectively (Wagner et al., 1992). The intensity of 
O=C-NH peak component has increased significantly, arising from the contribution of 
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the peptide bonds in GOD itself. The presence of immobilization GOD is further 
ascertained by the dominance of NH-C=O peak component at the BE of 400 eV in the 
N 1s core-level spectrum (Figure 5.5(d)). Thus, GOD has been successfully 
immobilized on the Au-g-PANI-c-(CS-CNTs)-CDI surface. 
 
Electrochemical Behavior of the Au-g-PANI-c-(CS-CNTs)-GOD Electrode. The 
electrochemical behavior of the Au-g-PANI-c-(CS-CNTs)-GOD electrode was 
investigated by cyclic voltammetry (CV) using Fe(CN)63-/4- as the redox marker. 
Figure 5.6(a) shows the cyclic voltammograms (CVs) of the Au-g-PANI-c-(CS- 
CNTs)-GOD electrode recorded at different scan rates in 0.1 M phosphate buffer 
solution (PBS) (pH 6.0) solution containing 1 mM of Fe(CN)63-/4-. The Fe(CN)63-/4- 
redox process is observed with a peak separation (∆Ep) of about 110 mV. For 
comparison purpose, an Au-c-(CS-CNTs)-GOD electrode without the PANI interlayer 
was similarly fabricated according to the procedures in the Scheme 4 of Figure 5.1, 
and studied under the same condition. The inset of Figure 5.6(a) shows the CVs of 
Au-g-PANI-c-(CS-CNTs)-GOD (solid curve) and Au-c-(CS-CNTs)-GOD (dashed 
curve) electrodes recorded at a scan rate of 100 mV/s. Higher cathodic and anodic 
peak currents are observed for the Au-g-PANI-c-(CS-CNTs)-GOD electrode, as 
compared to those of the Au-c-(CS-CNTs)-GOD electrode. Thus, the introduction of 
PANI layer between the Au electrode and CS-CNTs composites enhances the redox 




Figure 5.6 (a) Cyclic voltammograms (CVs) of the Au-g-PANI-c-(CS-CNTs)-GOD 
electrode at scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s in in 1 mM 
PBS (pH 6.0) of Fe(CN)63-/4- under a nitrogen atmosphere. The inset is the CVs of 
Au-c-(CS-CNTs)-GOD (dash line) and Au-g-PANI-c-(CS-CNTs)-GOD (solid line) 
electrodes at the scan rate of 100 mV/s. (b) Dependence of peak currents on scan rates. 
 























































improved (Teles and Fonseca, 2008; Sarma et al., 2009), in addition to the CS-CNTs 
acting as a mediator (Liu et al., 2004) to transfer electrons between PANI and GOD. 
On the other hand, the peak currents of the Fe(CN)63-/4- redox process (anodic and 
cathodic) of the Au-g-PANI-c-(CS-CNTs)-GOD electrode are shown to be dependent 
on the scan rate (Figure 5.6(b)). The anodic and cathodic peak currents increase 
linearly with the scan rate, with the correlation coefficient (R2) values of 0.9861 and 
0.9819 for the anodic and cathodic peaks, respectively, in the scan rate range of 10-
100 mV/s. The linearity between peak current and scan rate suggests that the redox 
reactions are surface-confined electrode reactions ((Liu et al., 2005; Komathia et al., 
2009).  
 
Amperometric Response of the Au-g-PANI-c-(CS-CNTs)-GOD Electrode. 
Amperometric measurements are widely used to evaluate and analyze the 
performance of glucose biosensors towards an increase in glucose concentration 
(Harwood and Pouton,1996; Emr and Yucynych, 1995; Garjonyte and Malinauskas, 
2000). Amperometric responses of the Au-g-PANI-c-(CS-CNTs)-GOD and Au-c-
(CS-CNTs) -GOD electrodes were studied at a constant applied potential of 0.5 V vs. 
the Ag/AgCl electrode. Upon each injection of glucose at regular intervals, both 
electrodes show a rapid and prominent increase in current, as shown in Figure 5.7(a). 
The response current reaches its steady-state value within about 8-10 s at each glucose 
concentration and the detection limit is about 0.1 mM. Furthermore, the steady-sate 
currents of the Au-g-PANI-c-(CS-CNTs)-GOD electrode are much larger in 
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magnitude than those of the corresponding Au-c-(CS-CNTs)-GOD electrode, 
indicating that the sensitivity of the Au-g-PANI-c-(CS-CNTs)-GOD electrode is 
higher than that of the Au-c-(CS-CNTs)-GOD electrode. Figure 5.7(b) shows a linear 
relationship between the glucose concentration and the steady-state current for both 
electrodes at low glucose concentration. Both electrodes display a linear response in 
the glucose concentration range of 1 to 20 mM, which is probably adequate for the 
clinical applications in monitoring human glucose levels (Reach and Wilson, 1992). 
The calculated sensitivity of the Au-g-PANI-c-(CS-CNTs)-GOD electrode form 
Figure 5.7(b) is about 21 µA/(mM·cm2) (or 16.5 µA/mM), while that of the Au-c-(CS-
CNTs)-GOD electrode is much lower at about 5.2 µA/(mM·cm2) (or 4.1 µA/mM). 
The Au-g-PANI-c-(CS-CNTs)-GOD biosensor also exhibits higher sensitivity and 
wider linear response range than those reported for glucose biosensors fabricated from 
CS/CNTs (Zou et al.,2008; Wang et al., 2009; Liu et al., 2005),  PANI-g-CS (Xu et al., 
2006) or PANI-g-MWCNT composite (Komathia et al., 2009; Gopalan et al., 2009), 
prepared by blending (Liu et al.,2005), layer-by-layer self-assembly (Zou et al.,2008; 
Wang et al., 2009; Xu et al., 2006), electrodepositing (Komathia et al., 2009)or 
loading into sol-gel-derived silica (Gopalan et al., 2009) methods(Table 5.1). It has 
been reported that the increase in amount of enzyme loading could improve the 
sensitivity and linear response range (Yang et al., 2006). The high surface-to-volume 
ratio of the three-dimensional CS-CNTs composites on the Au-g-PANI-c-(CS-CNTs)-




Figure 5.7 (a) Amperometric responses of the Au-g-PANI-c-(CS-CNTs)-GOD and 
Au-c-(CS-CNTs)-GOD electrodes, and (b) the liner regression analysis of the glucose 
concentration-current curves.  
 




































































Figure 5.8 (a) Glucose concentration ( egluC cos ) dependence of the response current 
( i )for the Au-g-PANI-c-(CS-CNTs)-GOD and Au-c-(CS-CNTs)-GOD electrodes, 






















































Table 5.1 Comparison of performances of some glucose biosensors based on CS, 
CNTs and/or PANI with different fabricated methods. 
 
Modified Electrode  
 





GOD/CNTs/CS/GC 0-7.8 0.52 
(CNT/CHIT/GNP)8/GOx/GC 0.006-5 3.84 
{Chi/MWCNTs/GOD}6 1-7 8.017 
[(CS-g-PAN/GOD)12] 1-16 ~0.09 
{GOx/Au-(SH)PANI-g-MWNT}10 1-9 3.97 
ITO/Nafion-silica/MWNT-g-PANI/GOx 1-10 5.01 
Au-g-PANI-c-(CS-CNTs)-GOD 1-20 16.5 
 
immobilized on the electrode, leading to an increase in biological affinity of the Au-g-
PANI-c-(CS-CNTs)-GOD electrode for glucose.  
 
The saturation in detection current can be observed for both electrodes at high glucose 
concentration, as shown in Figure 5.8(a), consistent with the characteristics of the 
Michaelis–Menten kinetics. Figure 5.8(b) shows the Lineweaver–Burk plots of the 
two electrodes as a function of glucose concentration. The apparent Michaelis-Menten 
constant ( mK ), as an indication of the enzyme substrate kinetics for the biosensor, can 
be calculated from the Lineweaver–Burk plot (Kamin and Wilson, 1980): 








+=                                    (2) 
where ssi  is the steady-state current, maxi  is the maximum current measured under 
saturated substrate condition, and C is the concentration of glucose. The mK value of 
the Au-g-PANI-c-(CS-CNTs)-GOD electrode was obtained from the intercept and 
slope of the fitted curve (Figure 5.8(b)) to be 5.35 mM, which is much lower than that 
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of the Au-c-(CS-CNTs)-GOD electrode (14.85 mM). Moreover, the mK  value of   Au-
g-PANI-c-(CS-CNTs)-GOD electrode is also lower than those reported for the GOD-
CS-SiO2/Pt/MWNTs/GC electrode (14.4 mM) (Zou et al., 2008), and 
GOD/CNTs/CS/GC electrode (8.2 mM) (Liu et al., 2005). The lower mK  value 
suggests that the immobilized GOD on Au-g-PANI-c-(CS-CNTs)-GOD electrode 
possesses a higher enzymatic activity (Zhang et al., 2005). 
 
Thus, the homogenous and spatial distribution of CS-CNTs on the electrode surface 
has facilitated electrode–enzyme contact and contributed to the wider range of linear 
response. The higher sensitivity of Au-g-PANI-c-(CS-CNTs)-GOD electrode can also 
be attributed to the fact that the Au-g-PANI-c-(CS-CNTs)-GOD electrode has a high 
electrocatalytic activity, as indicated by the CV results. In addition, the processes of 
immobilization of PANI (Kamalesh et al., 2000) and CS (Chua et al., 2008) probably 
have given rise to a more biocompatible microenvironment for improving the 
biological response of the enzyme.  
 
Reproducibility and Stability of the Au-g-PANI-c-(CS-CNTs)-GOD Electrode. 
The reproducibility of current response for the Au-g-PANI-c-(CS-CNTs)-GOD 
biosensor was ascertained from data obtained from ten electrodes prepared under the 
same condition. The results reveal that the biosensor has satisfactory reproducibility 
with a relative standard deviation (R.S.D) of about 5.0%. The long-term stability of 
the Au-g-PANI-c-(CS-CNTs)-GOD biosensor was determined by storing the 
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electrodes at 4 °C in PBS solution. The electrodes were able to maintain about 95% 
and 83% of the initial current response after 1 month and 2 months, respectively, of 
storage (Figure 5.9). The Au-g-PANI-c-(CS-CNTs)-GOD biosensor shows higher 
stability than the non-covalently (Wang et al., 2009; Lin et al., 2009) or semi-
covalently (Zhang et al., 2004; Gopalan et al., 2009) linked biosensors (Table 5.2). 
The long-term stability of the Au-g-PANI-c-(CS-CNTs)-GOD biosensor can probably 
be attributed to the covalent bonding and interactions of the Au electrode with the 
PANI layer, CS-CNTs composites and GOD. The strong and robust covalent bonding 
is unaffected by changes in the surrounding environment, such as ionic strengthen, 
solution concentration, temperature, among others (Zou et al., 2008).  
 
Figure 5.9 Response current ( egluC cos =1 mM) of the Au-g-PANI-c-(CS-CNTs)-GOD 
electrode as a function of storage time. 
 
 

















Moreover, covalent bonding of GOD on the Au electrode prevents its leaching from 
the electrode surface during operation and storage. The electrodes were fabricated 
under mild conditions, with minimal damage to the enzyme molecules. The 
biocompatible nature of CS (Zou et al., 2008; Liu et al., 2005; Komathia et al., 2009) 
and PANI (Kamalesh et al., 2000) has helped to maintain the bioactivity of the 
enzyme molecules immobilized on the electrode. 
 
Table 5.2 Comparison of stability of some glucose biosensors fabricated via non-
covalently or semi-covalently linkage/bonding processes. 
 
Modified electrode  
 





GC/CNT-CHIT-CDI-GDH 80% 4 
GOD/Ag/CNT/Ch/ITO 91% 10 
(CNT/CHIT/GNP)8/GOx/GC 81.3% 10 
ITO/Nafion-silica/MWNT-g-PANI/GOx 93% 20 
























An amperometric glucose biosensor has been successfully developed through 
covalent attachment of chitosan-carbon nanotubes (CS-CNTs) composites and 
glucose oxidase (GOD) on polyaniline (PANI)-modified Au electrode. The 
combination of PANI and CS-CNTs was shown to provide a spatially biocompatible 
microenvironment on the electrode surface to increase the electrocatalytic activity, 
better mediate the electron transfer, and enhance the activity of the enzyme 
immobilized on the biosensor, thus improving its affinity and sensitivity to glucose. 
Moreover, the covalent immobilization process used for the fabrication of biosensors 
prevents GOD leaching and maintains the biological activity of GOD during 
operation and under storage. Therefore, the resulting biosensor exhibits high 
sensitivity, good reproducibility and long-term stability. The methodology adopted in 
the present study provides a new platform for the fabrication of high performance 

















































6.1 Conclusions  
The present research work has attempted to develop alternative methods to prepare 
functional conducting polymer-metal hybrids via surface-initiated polymerization. 
The combination of conducting polymers (CPs) and antibacterial agents has been 
successfully developed to construct efficient and environmentally-friendly 
antimicrobial coatings on metal surfaces for inhibiting biocorrosion in simulated 
seawater. In addition, the combination of CPs and biocompatible composite has been 
shown to provide an alternative means to enhance the sensitivity and improve the 
stabitlity of glucose biosensor.  
 
First of all, surface-initiated atom transfer radical polymerization (ATRP) of glycidyl 
methacrylate (GMA) from the surface-coupled trichlorosilane, containing the benzyl 
sulfonic chloride ATRP initiator, was first carried out on mild steel (MS) surface, 
followed by thermal curing with polyaniline (PANI) and N-alkylation of PANI. The 
surface composition after each functional step was characterized by XPS analysis. 
Effective inhibition of bacterial adhesion and growth in Pseudomonas sp. inoculated 
simulated seawater medium was achieved by the crosslinked P(GMA)-c-PANI bilayer 
on MS (MS-g-P(GMA)-c-QPANI surface) upon quaternization. Electrochemical 
results show that the P(GMA)-c-QPANI electroactive bilayer coating on MS exhibits 
good stability in the seawater medium and render the MS surface resistant to 




Sencondly, oxidative graft polymerization of 2,2’-bithiophene from the copper 
surface with self-assembled 2,2’-bithiophene monolayer, and subsequent reduction of 
silver ions to silver nanoparticles (Ag NPs) on the surface, give rise to a homogenous 
bithiophene polymer (PBT) film with densely-coupled Ag NPs on the copper surface 
(Cu-g-PBT-Ag NPs surface). The immobilized Ag NPs were found to significantly 
inhibit bacterial adhesion and enhance the antibacterial properties of the PBT 
modified copper surface. Electrochemical results showed that corrosion resistance of 
the PBT film and antibacterial property of the immobilized Ag NPs could be 
effectively combined and imparted on copper surfaces to inhibit SRB-induced 
biocorrosion. Arising from the chemical affinity of thiols for the noble and coinage 
metals, the copper surface functionalized with both PBT brushes and Ag NPs also 
exhibits long-term stability in harsh marine and aquatic environments. 
 
Finally, an amperometric glucose biosensor was prepared using polyaniline (PANI) 
and chitosan-coupled carbon nanotubes (CS-CNTs) as the signal amplifiers and 
glucose oxidase (GOD) as the glucose detector on a gold electrode (the Au-g-PANI-c-
(CS-CNTs)-GOD biosensor). The combination of PANI and CS-CNTs was shown to 
provide a spatially biocompatible microenvironment on the electrode surface to 
increase the electrocatalytic activity, better mediate the electron transfer, and enhance 
the activity of the enzyme immobilized on the biosensor, thus improving its affinity 
and sensitivity to glucose. The resulting Au-g-PANI-c-(CS-CNTs)-GOD biosensor 
exhibited a linear response to glucose in the concentration range of 1-20 mM, good 
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sensitivity (21 µA/(mM·cm2)), good reproducibility and retention of >80% of the 
initial response currents after two months of storage. 
 
6.2 Recommendations for Future Research 
This work has provided an alternative to render metal surfaces with desired 
physicochemical properties and functionality with conducting polymers (CPs). The 
unique function and potential applications of these novel conducting polymer-metal 
hybrid architectures have been demonstrated. Following the work in this thesis, some 
related research works are recommended to be undertaken in the future.  
 
First of all, the present work has been focused on the applications of PANI and 
polythiophene (PT). Recently, a new alternative approach for corrosion protection of 
metals making use of a silane containing pyrrole group as a primer has been reported 
(Trueba and Trasatti, 2008). The functional silane has been used to promote 
polypyrrole (PPY) adhesion onto insulating and metal substrates to enhance the 
stability of the PPY coating. Alternatively, the silane containing pyrrole group can be 
used as a surface initiator for oxidative graft polymerization of pyrrole on various 
metal substrates. The PPY grafted metal substrates can be post modified by 
innovative method, such as click chemistry, to render the metal surface with 




Secondly, PPY is also considered as a promising conducting polymer for the 
development of biomedical devices owing to its good biocompatibility, conductivity, 
stability and efficient polymerization at neutral pH. Also, PPY are particularly 
suitable for modulating DNA interaction and for inducing electrical signals accrued 
from such interactions (Teles and Fonseca, 2008). The high stability of PPY/DNA 
films allows detection of target DNA in flow-though systems. Thus, it is of 
importance to develop functional metal surface with PPY in the biomedical device 
applications, such as DNA sensors.  
 
Finally, nanoparticles have attracted a great deal of interest owing to their ease of 
synthesis and functionalization, biocompatibility, chemical stability, and tunable 
optical and electronic properties. Recently, biopolymer-mediated self-assembly of 
nanoparticles has been of great attention, especially using proteins and DNA (Verma 
et al., 2005; Matthew Eby et al., 2009; Ofir et al., 2008). From this point of view, 
covalent immobilization of functional proteins or DNA on conducting polymer 
grafted metal surface to mediate assembly of functional nanoparticles will be 











Simulation and Analysis of Electrochemical Impedance 
 Spectroscopy Data 
1. Impedance definition in equivalent electrical circuit models 
Electrochemical impedance spectroscopy (EIS) data is commonly analyzed by fitting 
it to an equivalent electrical circuit model. Most of the circuit elements in the model 
are common electrical elements such as resistors, capacitors, constant phase element 
and Warburg impedance.   
 





Constant Phase Element(CPE)a 
0)(
1
YjZCPE αω=  
Warburg Impedaceb )1()( 21 jZ w −= −ωσ  
 
a. j is the imaginary root and ω=2πf is the angular frequency. The factor α, defined as the CPE power, is an 
adjustable parameter that lies between 0 and 1. The factor Y0 denotes a parameter related to the 
capacitance. 
b.  σ is is the Warburg coefficient 
 
As shown in Table 1, the impedance of a resistor is independent of frequency, while a 
capacitor's impedance decreases as the frequency is raised. With the introduction of a 
constant phase element (CPE) as a replacement for the capacity in EIS measurements, 
it is taken into account that the CPE defines inhomogeneity of the surface in the 
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electrochemical EIS experiments and inhomogeneity of the charge distribution in 
solid state EIS measurements, it is reasonable to expect that better fit for real systems 
is obtained by using CPE. In addition, diffusion also can create impedance called  




Most models contain a resistor that models the cell's solution resistance. The 
resistance of an ionic solution depends on the ionic concentration, type of ions, 
temperature, and the geometry of the area in which current is carried. It also depends 
on the resistivity of the solution and the location of the reference electrode with 
respect to the working electrode. 
 
Charge transfer resistance is formed by a single kinetically controlled electrochemical 
reaction. This charge transfer reaction has a certain speed. The speed depends on the 
kind of reaction, the temperature, the concentration of the reaction products and the 
potential. 
 
Pore Resistance is the resistance of ion conducting paths the develop in the coating. 
These paths may not be physical pores filled with electrolyte.  
 




For an ideal resistor and capacitor, the maximum phase angle should be -90°. Data 
whose phase angle peaks at values below 190°1 are often encountered in EIS spectra 
and are treated by replacing the capacitor with a CPE. A CPE can be modeled as a 
capacitor with a distribution of relaxation times 
 
An electrical double layer exists on the interface between an electrode and its 
surrounding electrolyte. This double layer is formed as ions from the solution "stick 
on" the electrode surface. The value of the double layer capacitance depends on many 
variables. Electrode potential, temperature, ionic concentrations, types of ions, oxide 
layers, electrode roughness, impurity adsorption, etc. are all factors. The "double layer 
capacitor" on real cells often behaves like a CPE, not a capacitor. Several theories, 
such as surface roughness, “leaky” capacitor, and non-uniform current distribution 
have been proposed to account for the non-ideal behavior of the double layer, it is 
probably best to treat α as an empirical constant with no real physical basis. 
  
CPE of coating, Qc, used in place of the coating capacitance (Cc) by taking into 
account surface heterogeneity and diffusion processes, provides information on the 
extent of water uptake and the stability of the coatings.  
 
 




Diffusion also can create impedance called Warburg impedance. It depends on the 
frequency of the potential perturbation. At high frequencies, the Warburg impedance 
is small since diffusing reactants don't have to move very far. While at low 
frequencies, the reactants have to diffuse farther, increasing the Warburg-impedance. 
 
2. EIS modeling 
 
EIS data is generally analyzed in terms of a equivalent circuit model. The type of 
electrical components in the model and their interconnections controls the shape of 
the model's impedance spectrum. To be useful, the elements in the model should have 
a basis in the physical electrochemistry of the system. In a physical model, each of the 
model's components is postulated to come from a physical process in the 
electrochemical cell. The choice of which physical model applies to a given cell is 
made from knowledge of the cell's physical characteristics. Experienced EIS analysts 
can also use the shape of a cell's EIS spectrum to help choose a model for that cell. 
Thus, models can also be partially or completely empirical. 
 
Modern EIS analysis uses a computer to find the model parameters that cause the best 
agreement between a model's impedance spectrum and a measured spectrum. A non-
linear least squares fitting (NLLS) algorithm is used. 
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Table 2 shows some commonly used equivalent electrical circuits models interpret 
simple EIS data. These models are included in the part of practical EEC models as 
standard model component. 
 













Note: The following source was used in preparing this appendix: Electrochemical 
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